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ABSTRACT
Aggregation and subsequent deposition of amyloid-β (Aβ) peptide on neuronal
cell membranes have been implicated as a cause of Alzheimer’s disease. Gangliosides in
their clustered form seed and promote the Aβ aggregation process. However, the effects
of the structure and the concentration of ganglioside saccharides on Aβ aggregation are
not well understood. We investigated how the specific structure of saccharides (β-Dgalactose and β-D-glucose) affect the aggregation pathways, kinetics, and the aggregated
structures of Aβ via in vitro experiments. The effects of the local concentration of
saccharides on the Aβ aggregation were also investigated.
To mimic the multivalent effect of the ganglioside saccharides, we designed and
synthesized stereospecific bio-relevant saccharide containing model polymers, known as
glycopolymers in solution and from surfaces. Acrylamide based glycopolymers of
desired molecular weights were synthesized in solution via reversible additionfragmentation chain transfer (RAFT) polymerization. Using thioflavin T fluorescence
(ThT) and polyacrylamide gel electrophoresis (PAGE), we found that the Aβ formed
small aggregates in the presence of high molecular weight (DP 350) glucose containing
polymers, but large aggregates were formed in the presence of low (DP 35) molecular
weight glucose containing polymers, low and high molecular weight galactose containing
polymers, and non-saccharide control polymers.
Glycopolymer films of high and low thickness were synthesized from silicon
surfaces via photopolymerization and surface-initiated RAFT polymerization and the
effect of the saccharides of grafted glycopolymers on Aβ aggregation were investigated.
Quartz crystal microbalance (QCM)experiments established that the Aβ bound more
ii

strongly with the glucose polymer grafted surfaces than the galactose polymer grafted
surfaces. AFM imaging revealed that the Aβ aggregated to form fibrils when incubated
with the thin films of glucose or galactose polymers and control surfaces.
These results suggest that the high molecular weight glucose-containing polymers
strongly affect and alter the Aβ aggregation pathway and promote the formation of Aβ
oligomers while other polymers do not affect the aggregation process.
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CHAPTER I - INTRODUCTION
1.1 Understanding the role of saccharides in amyloid-β aggregation
Alzheimer’s disease (AD) is a neurodegenerative disease which accounts for 6080% of all reported dementia cases. According to a recent report, more than 5.5 million
Americans of all ages were suffering from Alzheimer’s disease in 2018, and this figure
may cross 16 million by 2050.1, 2 Currently there is no cure, no method of prevention, no
absolute diagnostic test, and only partially effective treatments available to slow the
progression of the disease. To adequately prevent or treat the disease, it is important to
first understand the factors which are responsible for the disease and how the factors
affect the disease progression.
Aggregation of amyloid-β (Aβ) peptide is believed to be one of the contributing
factors in Alzheimer’s disease.3-5 Aβ can aggregate to form toxic oligomers and plaques
which deposit on neuronal cell membranes obstructing the normal functions of neurons. 68

Precise mechanisms of formation of toxic Aβ species from non-toxic Aβ peptides, their

deposition, and the factors responsible for their aggregation are not yet entirely
understood despite years of intensive research. GM1 gangliosides, which are present at
elevated concentrations in the plasma membranes of an aged brain and consists of a
hydrophobic tail and a saccharide-containing hydrophilic head group, have been reported
to seed A aggregation.3, 6 9, 10 11 It has been reported by Matsuzaki et al. and others that
the clustering of GM1, known as a glyco-cluster, plays an important role in the seeding
and promotion of Aβ aggregation.3, 6, 11-13 Greater understanding of the role of the
structure and concentration of ganglioside saccharides on the assembly of Aβ peptide is
needed. Glycopolymers, or synthetic polysaccharides, provide an in vitro platform for the
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investigation of the effects of saccharide structure and concentration on the kinetics of Aβ
aggregation and the size and morphology of the aggregates.
The goal of this project was to design, synthesize, and utilize glycopolymer
platforms as biologically-relevant models for the determination of saccharide/protein
interactions in vitro. Specifically, glycopolymers with β-D-glucose and β-D-galactose as
pendant groups were synthesized in solution and from well-characterized surfaces to
model the saccharides of gangliosides found in the brain. The model polymers were then
utilized to investigate the effects of the saccharide structure and concentration on the Aβ
peptide assembly processes.
We hypothesized that the Aβ aggregation pathways, size and structures of the
aggregates, and the kinetics of the aggregation are dependent on the structure of the
pendant saccharides and the molecular weight (saccharide concentration) of the model
glycopolymers studied.
The hypotheses were tested via three main research objectives:
1. Synthesis of glycomonomers with stereospecific saccharides as pendant groups
and preparation of glycopolymers with target degrees of polymerization (DP) of
35 and 350 via aqueous reversible addition fragmentation chain transfer (RAFT)
polymerization.
2. Synthesis of glycopolymer brushes with desired stereochemistry of saccharides
and target thickness to correspond to the degrees of polymerization of 35 and 350
from well characterized surfaces via UV-photopolymerization and surfaceinitiated RAFT polymerization techniques.
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3. Determination of Aβ assembly processes and dynamics of aggregation in the
presence of glycopolymers in solution and glycopolymer brushes via in vitro
biochemical experiments (ThT fluorescence and polyacrylamide gel
electrophoresis (PAGE)) and utilizing advance analytical techniques such as
quartz crystal microbalance (QCM) and atomic force microscopy (AFM).
This research provides a platform for the investigation of many other biomedical
phenomena involving protein/peptide and saccharide interactions, such as virus or cancer
research where the surface-immobilized glycopolymers can act as cell markers. 14, 15
1.2 Amyloid-β (Aβ) peptides and their relation to AD
Abnormal accumulation of amyloid-β peptide in the brain has been widely
accepted as the central cause of neurodegeneration and cognitive decline in AD.6, 16 Aβ is
a natural peptide, found in the brain’s extracellular space, formed through the
heterogeneous cleavage of the amyloid precursor protein (APP) by the enzyme γsecretase.17 Among several isoforms of Aβ formed during the cleavage, the 40-amino
acid residue, Aβ40, is found to be the most abundant (~90%), while the 42-amino acid
variant, Aβ42, is less abundant (~5-10%) but is the most aggregation prone. 18-20 Aβ42 has
been abundantly found in both the diffuse (prefibrillar oligomeric) and senile (mature
fibrillar) plaque of AD patients but Aβ40 has only been detected in the senile plaques.21
The concentration of Aβ in biological fluid is very low (~2.5 ng/mL in healthy human
(13-50 years) cerebrospinal fluid (CSF) i.e. <10-8 M).3, 22 The monomers of Aβ are
soluble, unordered, and non-toxic but exhibit neurotoxicity once they aggregate under
certain pathological conditions.3, 23 Aβ peptides are amphiphilic species that selfassemble to form aggregated structures of different sizes, including dimers, trimers,
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oligomers, protofibrils, and fibrils.24 Soluble oligomers of Aβ have been reported to be
the most toxic among all of the aggregated forms.23, 24,25 While the soluble aggregates of
both the Aβ40 and Aβ42 are found to be toxic, the latter is much more toxic, by a factor
of 100.26 Growing literature evidence suggests that the prefibrillar oligomeric aggregates
are the primary pathological species in AD.18, 25, 27 The primary difference between Aβ40
and Aβ42 is that the Aβ42 has two additional hydrophobic amino acid residues,
isoleucine, and alanine.18 These additional hydrophobic amino acid residues make the
Aβ42 more prone towards the formation of toxic oligomers and fibrils. 18, 28 Most of the
early research involving amyloid-β aggregation utilized Aβ40 because of its lower cost
and easier synthesis and purification as compared to the Aβ42.26 Our research focused on
understanding the aggregation and conformational changes of Aβ42 in the presence of
glucose and galactose containing glycopolymers in solution or bound to a surface. Aβ
henceforth in this document will refer to Aβ42.

Figure 1.1 Schematic of the formation of Aβ and then aggregation into different
structures. Adapted from Drolle et al. 29
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Figure 1.2 The primary amino acid sequence of the 42 amino acid Aβ isoform, Aβ42.
Adapted from Figure 3, Chen et al.30
Aβ monomers remain as random coils in solution, but they aggregate to form
oligomers or fibrils in the presence of modulators, for example, SDS or fatty acids. 31, 32
The mechanism of formation of oligomers and fibrils of Aβ and whether one type of
aggregate leads to the formation of other types are still being debated. Gellermann et al.32
reported that the formation of oligomers follows a pathway which is completely different
from the fibrillation pathway. It was found that the oligomers and fibrils remained stable
for a long time under incubation conditions. 32 Kumar et al. also reported the presence of
two pathways leading to the formation of oligomers and fibrils but found that some of the
oligomers, under certain conditions, can lead to fibril formation.31 Using medium chain
(C9-C12) saturated non-esterified fatty acids, Kumar et al. established that the oligomers
of certain size (12-18 mers) slowly associated to form larger aggregates and eventually
fibrils, and the process depended on the concentration of the fatty acids.31 In the absence
of fatty acids or at a very low concentration of fatty acids (much lower than the critical
micelle concentration (CMC)), Aβ formed fibrils via a nucleation dependent ‘on
pathway’ mechanism. Regardless of the kind of fatty acids used, when the concentrations
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of the fatty acids were approximately equal to their CMCs, kinetically trapped ‘off
pathway’ oligomers (12-18 mers) were formed which ultimately produced fibrils. When
the concentrations of the fatty acids were much higher than their CMCs, stable oligomers
(4-5 mers) were formed which did not lead to the formation of fibrils.31 This was referred
to as an ‘off pathway’ mechanism.31, 33 In the presence of specific modulators, such as the
GM1 ganglioside, aggregation and conformational changes of Aβ peptides from
disordered aggregates to ordered β-sheet structures were found to accelerate, leading to
the formation of either plaques or soluble oligomers.25
Conformation and toxicity of the Aβ aggregates depend on the concentration of
Aβ and the modulator; for example, when the ratio of Aβ/GM1 ganglioside is between
0.013 - 0.044, Aβ forms a mixture β-sheets (of ~15 molecules) and α-helix rich
structures, but when the concentration of Aβ is high and the ratio of Aβ/GM1 is > 0.044,
fibrils with anti-parallel β-sheet rich structure form.3 It was also reported that the GM1
clusters not only accelerate the Aβ aggregation but also impart higher cytotoxicity to the
Aβ aggregates by forming anti-parallel β-sheets. On the other hand, the aggregates
formed in solution without GM1 gangliosides contain parallel β-sheets and are less
toxic.3, 6, 34
1.3 Role of saccharides of GM1 ganglioside in Aβ aggregation
A ganglioside is composed of a hydrophobic lipid tail made of ceramide and a
hydrophilic head group made of saccharide moieties.35-37 Gangliosides are positioned at
the cell surface, with the hydrophobic fatty ceramide embedded in the cell membrane and
the hydrophilic saccharide moieties extended well into the extracellular space where they
function as cell-type specific markers, receptors, and mediators of cell adhesion. 37
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Figure 1.3 Schematic of a cell membrane which shows the clustering of the gangliosides
in a raft-like (high concentration of cholesterol) membrane
GM1 ganglioside has been reported to promote Aβ aggregation by acting as a
seed for nucleation.6, 38 However, it is not clear what role each individual unit of GM1
ganglioside plays in Aβ aggregation. Kumar et al31 investigated the effects of fatty acids
of different chain lengths and concentrations on Aβ aggregation. It was reported that the
size of the aggregates and the aggregation pathways depend on the concentration of the
fatty acids as described in the previous section. However, the fatty acid (ceramide)
portion of the GM1 ganglioside remains embedded in the cell membrane and the
saccharide head groups extend into the extracellular space making them more accessible
by Aβ molecules. Therefore, it is expected that the saccharide head groups strongly affect
Aβ aggregation.
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Figure 1.4 Structure of GM1 ganglioside
Fung et al. investigated the effect of free-floating simple saccharides on Aβ
aggregation. Monomeric glucose has been found to promote the formation of short and
flexible proto-fibrils of Aβ whereas monomeric galactose promoted the formation of
mature fibrils.39 This difference in Aβ aggregation has been attributed to the H-bonding
pattern between the Aβ and the saccharides. Glucose has been reported to form stronger
H-bonds with Aβ, thus forming a larger number of nucleating seeds which leads to the
formation of the smaller aggregates or oligomers. Galactose, on the other hand, forms
weaker H-bonds with Aβ resulting in fewer nucleating seeds and larger aggregates of Aβ,
known as fibrils.39, 40 The structure of the saccharides also affects the amount of the βstructures formed. Aβ random to β-sheet structure formation was found to increase with
increasing concentration of glucose, while galactose induced no such effect.39
Saccharide-peptide interactions using surface immobilized saccharides have
previously been investigated by Matsumoto et al. 41 Several monosaccharides including βgalactose and β-glucose were immobilized on the surfaces of silicon, glass, and quartz
crystals via click chemistry and then the saccharide immobilized surfaces were utilized
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for Aβ aggregation studies. It was found that the β-galactose promoted formation of Aβ
fibrils with β-sheet structures, while β-glucose promoted the formation of smaller
aggregates with no apparent β-sheet structure.41 The observation of Matsumoto et al. 41
that galactose promoted β-sheet structure formation while glucose did not contradicts the
findings of Fung et al,39 who reported that glucose rather than galactose promoted
concentration dependent β-sheet formation. This apparent contradiction may be explained
by the fact that the Matsumoto group utilized saccharides grafted onto surfaces, while the
Fung group utilized free floating saccharides in solution, indicating that bound and freefloating saccharides could affect aggregation and conformational changes differently.
This might also be the reason for the observed difference in toxicity of the Aβ aggregates
formed in presence of GM1 attached with a membrane vs GM1 in solution as reported by
Matsuzaki et al.3
It has been reported that the Aβ binds with only those GM1 gangliosides which
remain as clusters, called glyco-clusters, not with the uniformly distributed GM1
gangliosides.3 For animals, including human beings, GM1 clustering depends on
cholesterol content with clustering increasing with higher cholesterol. 42 For in vitro
experiments, the clustering effect of GM1 saccharides can be synthetically mimicked by
synthesizing polymers containing pendant saccharide units, known as glycopolymers.
1.4 Glycopolymers as in vitro models to mimic glyco-cluster effect
Glycopolymers are synthetic polymers which contain hydrophilic pendant
saccharide groups.43, 44 They are attracting increased attention due to their applicability to
a wide range of fields, including biochemical and biomedical research, 45 drug delivery,
affinity chromatography, and cell culture. 43 The most commonly used method for
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glycopolymer synthesis involves polymerizable saccharide derivatives.43, 46 Although less
frequently employed, the method of post polymerization glycosylation is also reported. 47
A range of glycopolymers have been reported, including those based on
polyacrylamides,48 polyacrylates,49 and polymethacrylamides.50 Acrylamide-based
glycopolymers offer the advantage of biocompatibility, water solubility, and hydrolytic
stability over a wide range of salt concentration and pH. 44
The affinity between proteins and simple monovalent carbohydrate residues is
often weak (Ka = 103-104 L mol-1).51-53 In an in vitro setting, physiologically relevant
levels of association and affinities between saccharides and proteins generally require a
multivalent presentation of ligands.51 Glycopolymers can mimic the multivalent ‘glycocluster’ effect of saccharides of gangliosides41, 51, 54 and provide a model for determining
the effects of the individual saccharide components on Aβ aggregation.
In their natural environment, gangliosides are attached to cell membranes via the
ceramide tail.37 These phospholipid membranes are semi-solid in nature, more like liquid
cooking oil than solid shortening.55 Due to the physical nature of the membrane, the
movement of the gangliosides is not completely free but rather restricted.56 Previous
reports suggested that the structures and the toxicity of Aβ aggregates vary based on the
mobility of the structures studied (solution vs surface-anchored).3 Therefore, in vitro
experiments of Aβ aggregation in this work were performed with model glycopolymers
dissolved in aqueous solution and attached to surfaces. We synthesized high (DP of 350)
and low (DP of 35) molecular weight acrylamide based glycopolymers with β-D-glucose
and β-D-galactose as pendant groups maintaining the same stereospecificity of
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saccharides of the GM1 ganglioside. These polymers were expected to mimic the glycoclustering effect of the saccharides of ganglioside.
Glycopolymers of target molecular weight and thickness were synthesized in
solution and on surfaces via addition fragmentation chain transfer polymerization
(RAFT) and photo polymerization techniques. The effect of the structure of saccharides
(i.e. glucose vs galactose) and their concentration on Aβ aggregation using appropriate
and relevant model systems has not previously been reported in the literature. Here we
report the design, synthesis and characterization of model glycomonomers and polymers
with controlled structures and molecular weights and utilized them for the investigation
of Aβ aggregation via advanced in vitro experiments.
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CHAPTER II - AQUEOUS RAFT SYNTHESIS OF GLYCOPOLYMERS FOR
DETERMINATION OF SACCHARIDE STRUCTURE AND CONCENTRATION
EFFECTS ON AMYLOID-β AGGREGATION
This chapter and the images of the appendix A were published in Biomacromolecules,
2017, 18(10), 3359-3366.
2.1 Introduction
The clustered saccharides of the GM1 ganglioside have been reported to seed Aβ
aggregation.1, 2 The aggregation mechanism of Aβ in the presence of the GM1
ganglioside and the specific functions of the individual saccharide groups in the
aggregation process are not yet fully understood. The observation that among the
gangliosides, which differ primarily in their saccharides, GM1 strongly promotes Aβ
aggregation indicates that the glycoform distribution plays an important role in the
aggregation process. 3-7
Glycosaminoglycans (GAGs), which are polyanionic polysaccharides, have also
been reported to exhibit a strong effect on amyloid aggregation. 8-13 The aggregation
depends on several factors, such as the length of the polysaccharides,9, 11 the nature and
the degree of functionalization (eg. sulfation),8 and the ratio of the GAGs to the
amyloid.14 Short polysaccharides (DP < 5) show a very minimal effect on the rate of
amyloid fibrillation, which increases with increasing chain length and ultimately reaches
a maximum at high chain lengths (DP >> 18).11, 15 Fung et al.16 reported the effect of free
floating simple carbohydrates on Aβ42 aggregation and conformational changes. Glucose
promoted nucleation, resulting in the formation of short and flexible protofibrils; whereas
galactose promoted mature fiber formation. 16 The level of β-sheet conformation increased
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with increasing glucose concentration, while galactose showed no such influence,
indicating that the H-bonding pattern of saccharides is an important factor in determining
the aggregation behavior of Aβ42.16
Matsuzaki et al. reported that gangliosides can mediate Aβ aggregation only when
they remain as clusters and not when present as uniformly distributed moieties. 1 It is also
reported that the in vitro interactions between proteins and saccharides are substantially
weaker than those observed in vivo.17, 18 A physiologically relevant level of association
and affinities between saccharides and proteins requires the multivalent effect of
saccharides, known as the ‘glyco-cluster’ effect.19-21 To model the glyco-cluster effect,
we employed aqueous reversible addition fragmentation chain transfer (aRAFT)
polymerization to achieve high molecular weight acrylamide-based glycopolymers of
desired structure and molecular weight. Pendant groups of galactose or glucose with βstereochemistry were synthesized to model the saccharides of GM1. Acrylamide was
chosen as the backbone due to its excellent water solubility, hydrolytic stability, and its
stability over a wide range of pH and salt concentrations. 22 These model glycopolymers
were studied to investigate physiological scenarios to determine how saccharide type
(galactose vs glucose) of GM1 ganglioside influences Aβ aggregation. 23
2.2 Materials and methods
2.2.1 Materials
All reagents and solvents were obtained from Sigma-Aldrich Corporation (USA)
or ThermoFisher Scientific (USA) in their highest purity available. The chemicals were
used without further purification unless otherwise stated. Lyophilized stocks of synthetic,
wild-type Aβ42, herein referred to as Aβ (obtained from the Mayo Clinic, Rochester,
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MN) were stored at -20 °C. The chain transfer agent, 4-cyano-4(ethylsulfanylthiocarbonyl) sulfanylpentanoic acid (CEP) was synthesized by adapting
previously reported procedures.24, 25
2.2.2 Characterization
Nuclear Magnetic Resonance (NMR) spectroscopy was performed with a Varian
MercuryPLUS (300 MHz) spectrometer by taking an average of 128 scans (delay 5 s)
using appropriate solvents (CDCl3 or D2O). Gel Permeation Chromatography (GPC) was
performed on a Waters system with Waters 1525 Binary Pump and Waters 2414
differential refractive index detector utilizing two highly efficient PolySep GFC columns
(elution range 3 k to 400 kDa). An aqueous solution containing 0.1 M NaNO3 and 0.01%
(w/v) NaN3 was filtered and used as the eluent at a flow rate of 1 mL/min at 25 ºC. The
molecular weight calibration was performed with monodisperse linear polyethylene oxide
(Polymer Standard Service). For molecular weights, the entire signal of a major peak
including its shoulder at a lower retention volume was integrated. Mass spectrometry was
done on a ThermoFinnigan TSQ 7000 triple-quadrapole instrument that was equipped
with an electrospray ionization (ESI) source. Glycomonomer samples (1 mg/mL) in a 1:1
(v/v) methanol/water solution containing sodium chloride (1 mg/mL) were injected into
the ESI source at a rate of 10 µL/s. All data were analyzed using Xcalibur
(FisherScientific, Inc.) software.
2.2.3 In vitro glycopolymer-Aβ interactions
Freshly purified Aβ monomer (25 µM) was coincubated with 75 µM of either
poly(N,N-dimethyl acrylamide) (PDMA), galactose-containing glycopolymers
(PGalEAm), or glucose-containing glycopolymers (PGlcEAm). Note that the solution
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molarity is determined based on the polymer theoretical number average molecular
weight. Thus, concentration of pendant saccharide groups is ten-fold higher in the high
molecular weight glycopolymer solutions than in the low molecular weight analogues.
For all samples, 0.1 M NaNO3 was added for polymer stability and 0.01% (w/v) NaN3
was added to prevent bacterial growth. All reactions were buffered in 20 mM Tris at pH
8.0 and were carried out at 37 °C under quiescent conditions with periodic monitoring by
thioflavin-T (ThT) fluorescence and immunoblotting.
2.2.4 Thioflavin T (ThT) fluorescence
Measurements were collected by mixing 70 μL of ThT (10 μM) with 5 μL of each
sample. After a 1 min equilibration period, fluorescence kinetics were measured in a
microcuvette with a Cary Eclipse spectrometer (Varian, Inc.) by exciting at 452 nm while
monitoring emission at 482 nm over a 1 min period. Excitation and emission slits were
kept constant at 10 nm.
2.2.5 Polyacrylamide gel electrophoresis
Samples were diluted into 1X Laemmli loading buffer either with (denaturing) or
without (non-denaturing) 1% SDS and then loaded without heating onto either NuPAGE
4-12% Bis-Tris gels resolved in 1X MES running buffer containing 0.1% SDS (Life
Technologies) for SDS-PAGE or 4-20% BioRad gels resolved in 1X Laemmli buffer for
native PAGE. For SDS-PAGE, pre-stained molecular weight (MW) markers (Novex
Sharp Protein Standard, Life Technologies) were run in parallel for MW determination.
Proteins were transferred to a 0.2 μm nitrocellulose membrane (BioRad) and boiled for 1
min in a microwave oven in 1X PBS followed by blocking for 1.5 h in 1X PBS
containing 5% nonfat dry milk with 1% Tween 20. Blots were then probed overnight at
22

4C with a 1:6000 dilution of Ab5 monoclonal antibody, which detects amino acids 1-16
of Aβ. Blots were then incubated with a 1:6000 dilution of anti-mouse, horseradish
peroxidase conjugated secondary antibody and developed with ECL reagent (Thermo
Scientific).
2.2.6 Amyloid-β (Aβ) monomer purification and isolation
Before the use of Aβ in any reaction, the peptide was purified by size exclusion
chromatography (SEC) to remove any preformed aggregates. Briefly, 1.5–2 mg of
peptide was dissolved in 0.5 mL of 10 mM aqueous NaOH and allowed to stand for 15
min at room temperature prior to SEC using a 1X30-cm Superdex-75 HR 10/30 column
(GE Healthcare) attached to an ÄKTA FPLC system (GE Healthcare). 26 The column was
pre-equilibrated with 20 mM Tris-HCl (pH 8.0) at 25°C, and the protein was eluted at a
flow rate of 0.5 mL/min. Fractions of 500 μL were collected and the concentration of Aβ
was determined by UV-visible spectrometry on a Cary 50 spectrophotometer (Varian
Inc.) using a molar extinction coefficient of 1450 cm-1 M-1 at 276 nm (ExPASy)
corresponding to the single tyrosine residue. Peptide integrity after SEC was periodically
confirmed via MALDI-ToF mass spectrometry, which showed a monoisotopic molecular
mass of 4515 Da. Monomeric Aβ42 fractions were stored at 4 °C and used within 48 h of
SEC purification to eliminate any possibilities of preformed aggregates in the reactions.
2.2.7 Glycomonomer synthesis
The acetyl protected glycomonomers, 2′-acrylamidoethyl-2,3,4,6-tetra-O-acetylβ-D-galactopyranoside (AcGalEAm) and 2′-acrylamidoethyl-2,3,4,6-tetra-O-acetyl-β-Dglucopyranoside (AcGlcEAm) were synthesized by adapting the procedures reported by
Ambrosi et al.27 for the synthesis of 2′-(2,3,4,6–tetra-O-acetyl-β-D-galactosyloxy)ethyl
23

methacrylate and 2′-(2,3,4,6–tetra-O-acetyl-β-D-glucosyloxy)ethyl methacrylate. In
short, either 2,3,4,6-tetra-O-acetyl-α-D-galactopyranosyl bromide (15 g, 36.5 mmol) or
2,3,4,6-tetra-O-acetyl-α-D-glucopyranosyl bromide (15 g, 36.5 mmol) was reacted with
an excess amount of N-hydroxyethyl acrylamide (HEAm) (21 g, 182.4 mmol) in
anhydrous dichloromethane (400 mL) using excess silver trifluoromethanesulfonate
(AgOTf) (14 g, 54.5 mmol) as a catalyst. Dry molecular sieves (20 g, 3 Å size) were
added to the reaction mixture before the addition of silver trifluoromethanesulfonate to
ensure that the reaction medium was completely dry. The reaction mixture was stirred for
48 h at 0°C in an N2 atmosphere. Then the reaction mixture was filtered, and the filtrate
was washed three times with 1M HCl and dried over sodium sulphate. A yellow colored
and highly viscous product was obtained after solvent removal via rotary evaporation.
Flash chromatography was performed with the crude products using silica gel as the
stationary phase and a mixture of 10:1 ethyl acetate:hexane as the eluent. The eluent
fractions with retardation factor (Rf) = 0.45 were collected and the solvent was
evaporated by rotary evaporation to obtain a white crystalline pure product (9.1 g, 20.43
mmol).
AcGalEAm , 1H NMR (300 MHz, CDCl3): δ [ppm] 1.99, 2.02, 2.16 (s, s, s, 12H13,14,15,16), 3.57 (m, 2H-5), 3.72 (m, 1H-9), 3.90 (m, 2H-4), 4.13 (m, 2H-11,12), 4.46
(m, 1H-6), 5.01 (d of d, 1H-10), 5.16 (m, 1H-7), 5.37 (t, 1H-8), 5.66 (d of d, 1H-1), 6.10
(m, 1H-2), 6.31 (m, 1H-3). [1H NMR spectra, Supporting information, Appendix A, A.1]
[ESI m/z: 445 + 23 (Na+), Supporting information, Appendix A, Figure A.5]
AcGlcEAm , 1H NMR (300 MHz, CDCl3): δ [ppm] 1.97, 2.03, 2.14 (s, s, s, 12H13,14,15,16), 3.57 (m, 2H-5), 3.70 (m, 1H-9), 3.91 (m, 2H-4), 4.14 (m, 2H-11,12), 4.48
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(m, 1H-6), 5.02 (d of d, 1H-10), 5.16 (m, 1H-7), 5.38 (t, 1H-8), 5.66 (d of d, 1H-1), 6.05
(m, 1H-2), 6.31 (m, 1H-3). [1H NMR spectra, Supporting information, Appendix A,
Figure A.3] [ESI m/z: 445 + 23 (Na+)]
2.2.8 Glycomonomer deprotection
Acetyl protected monomer, AcGalEAm (9.1 g) or AcGlcEAm (9.1 g), was
dissolved in anhydrous methanol (46 mL) in a round bottom flask equipped with a stir
bar. The flask was sealed with rubber septum and purged with N 2 for 15 min before the
dropwise addition of 25% (w/v) sodium methoxide solution in methanol (4.55 mL), and
the reaction was stirred for another 45 min in an N2 atmosphere. Acetic acid was added
dropwise until a neutral or a slightly acidic pH (pH≈6) was achieved. The solvent was
removed by rotary evaporation to obtain a highly viscous, colorless liquid which became
a strongly hygroscopic, colorless solid after freeze drying. The complete deprotection of
the glycomonomers was confirmed via 1H-NMR and ESI-MS.

Scheme 2.1 Reaction scheme for the synthesis of glycomonomer AcGalEAm and its
deprotection to GalEAm. (Same scheme applies for GlcEAm monomer synthesis)
GalEAm, 1H-NMR (300 MHz, D2O): δ [ppm] 3.31-4.09 (m, 10H-4, 5, 7, 8, 9, 10,
11, 12), 4.39 (d, 1H-6), 5.72 (d of d, 1H-1), 6.07-6.36 (m, 1H-3, 1H-2). [ESI-MS m/z:
277+ 23 (Na+) Supporting information, Appendix A, Figure A.2]
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GlcEAm, 1H-NMR (300 MHz, D2O): δ [ppm] 3.49-4.11 (m, 10H-4, 5, 7, 8, 9, 10,
11, 12), 4.39 (d, 1H-6), 5.75 (d of d, 1H-1), 6.19 (m, 1H-3, 1H-2). [1H NMR spectra,
Supporting information, Appendix A, Figure A.4] [ESI-MS m/z: 277+ 23 (Na+)]
2.2.9 General procedure for aRAFT polymerization of glycomonomer
Glycopolymers with a target degree of polymerization (DP) of 35 (molecular
weight= 9951 g/mol) and 350 (molecular weight = 97206 g/mol) were synthesized by
aRAFT polymerization. The reaction conditions for the RAFT polymerizations were
selected based on previous reports for acrylate or acrylamide based polymers. 28-32 The
initial concentration of the monomer to chain transfer agent and the chain transfer agent
to initiator were maintained at 500:1 and 5:1 respectively for a target DP of 35 achievable
at 7% conversion and a target DP of 350 achievable at 70% conversion. The initial
glycomonomer concentration in the reaction mixture was kept at 1M. 4-cyano-4(ethylsulfanylthiocarbonyl) sulfanylpentanoic acid (CEP) was used as a chain transfer
agent (CTA) and 4,4′-azobis(4-cyanopentanoic acid), V-501, was used as a free radical
initiator for the polymerization reaction. Benzenesulfonic acid (BSA) was used as an
internal standard to monitor the progress of the reactions, which were performed in a
0.1M sodium acetate buffer solution of pH 5.0 at 70 °C. A typical procedure for
glycopolymer synthesis is as follows: 7.97 mL of monomer solution (GalEAm or
GlcEAm) in acetate buffer from a stock solution of 0.348 g/mL was transferred to a 10
mL graduated cylinder, and 113.5 μL of CEP solution in methanol from a 46.4 mg/mL of
stock solution and 22.8 μL of V-501 solution in methanol from a stock solution of 49.1
mg/mL was added to the cylinder, followed by addition of 527 μL BSA solution in buffer
from a stock solution of 150.2 mg/mL. The mixture was diluted to a total volume of 10
26

mL with acetate buffer. The reaction mixture was then transferred to a 25 mL round
bottom flask equipped with a stir bar. The flask was sealed with a rubber septum and
parafilm and purged with high purity nitrogen gas for 40 min while stirring. An initial
aliquot was taken, and the flask was placed in an oil bath heated to 70°C. Aliquots were
taken at 30 minute intervals and rapidly quenched with liquid nitrogen. 1H NMR
spectroscopy was performed with the quenched aliquots to determine the monomer
conversion to polymer. Monomer conversion was determined by comparing relative
integral areas of the vinyl proton peak of the monomers (5.73 ppm, 1H) to the aromatic
proton peak of the BSA standard (7.77 ppm, 2H) at different reaction times. Molecular
weight of the polymers formed at different time points was calculated from the NMR
spectroscopy conversion data. The quenched solutions were transferred to dialysis tubes
of molecular weight cut off 3500 Dalton (Spectra/Por) and dialysed for a period of five
days (24h Χ 5) in distilled water. The dialysed samples were freeze dried at -50°C in high
vacuum (0.05 torr) for two days. The samples corresponding to ~7% and ~70%
conversion (~35DP and ~350DP respectively) were tested for their molecular weight and
dispersity via gel permeation chromatography (GPC). These samples with two different
molecular weights (35 and 350DP) and two different saccharide units (gal and glc) were
used to further investigate their effect on Aβ aggregation.
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Scheme 2.2 Synthetic scheme for the aqueous RAFT polymerization of GalEAm. (same
scheme applies for the glucose containing glycomonomer GlcEAm).
2.2.10 RAFT polymerization of dimethyl acrylamide
Dimethyl acrylamide (DMA) monomers were purified to remove inhibitor by
passing through a column filled with basic aluminium oxide. Polymerization of DMA
monomers was carried out via an aqueous RAFT polymerization technique to produce
polymers with a degree of polymerization of 35 and 350, following the procedure
outlined for the glycopolymer synthesis.
2.3 Results and discussion
2.3.1 Glycomonomer synthesis
The acetyl protected glycomonomers were synthesized as described in the
experimental section and characterized via 1H NMR spectroscopy (Supporting
information, Appendix A, Figure A.1 and A.3). The debromination reaction between the
glycosyl donor, acetobromo-α-D-galactose, and the glycosyl acceptor, N-hydroxyethyl
acrylamide, is evidenced by the shift in the C1 proton NMR peak from 6.69 ppm in the
galactose precursor to 4.5 ppm in AcGalEAm. Complete conversion of the limiting
reactant, acetobromo saccharide, was confirmed via TLC by the absence of the spot
representing unreacted saccharides.
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Pre-polymerization deprotection of the glycomonomers was chosen over postpolymerization deprotection to minimize incomplete removal of the acetyl protecting
groups, which can affect the biological properties of the sugars and their protein
interactions.21, 33 Complete deprotection of the protected glycomonomers was confirmed
by the disappearance of the characteristic 1H NMR peak for the acetyl groups at 1.992.16 ppm, and by ESI-MS [m/z: 445 + 23 (Na+) for AcGlcEAm and AcGalEAm, and
m/z: 277 + 23 (Na+) for GlcEAm and GalEAm].
To model the GM1 ganglioside, where saccharides are of β-stereo conformation,
it is desirable to have the same stereochemistry in our glycomonomers and polymers. The
stereochemistry was determined via 1H NMR spectroscopy, and the percentage of βanomers in monomers was estimated by comparing the proton peak area at 4.5 ppm (βanomers) to that at 5.2 ppm (α-anomers). Excellent stereospecificity was obtained (>98%
β-anomers), which is attributed to neighboring group participation involving the acetate
group as reported by Ambrosi et al.27 The stereospecificity of the saccharides was
retained during glycomonomer deprotection and polymerization reactions as evidenced
by the unchanged 1H NMR spectra [Supporting information, Appendix A, Figure A.7].
Yu et al. reported the synthesis of the same monomers via a different reaction pathway
which produced only 84% of β-anomers.21 We adapted the procedures reported by
Ambrosi et al.27 for synthesis of methacrylate glycopolymers to achieve acrylamidebased glycopolymers in high yield (~60%) and almost complete conversion to β-anomers
(~98%).
2.3.2 Aqueous RAFT homopolymerization of glycomonomers
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Monomer conversion was monitored via 1H NMR spectroscopy by comparing the
relative integral areas of the vinyl proton peak of the glycomonomers (5.73 ppm, 1H)
with the aromatic proton peak of benzenesulfonic acid (7.77 ppm, 2H), the internal
standard used in the reactions. A linear increase of ln([M]0/[M]) as a function of time is
observed for the polymerization reactions (Figure 2.1), where [M]0 is the initial molar
concentration of the deprotected glycomonomer (GlcEAm or GalEAm) and [M] is the
molar concentration of the monomer at any given time point, indicating pseudo first order
kinetics.

Figure 2.1 Plots of ln([M]0/[M]) vs reaction time for the aqueous RAFT polymerization
of glycomonomers (GalEAm and GlcEAm) at 70 ºC using CEP as chain transfer agent
indicating pseudo first order polymerization kinetics.
The aRAFT polymerization of PGalEAm exhibits an initialization period of 50
min while that of PGlcEAm is 100 min. Similar initialization periods in aqueous RAFT
polymerizations have been reported previously by our team, including Alidedeoglu et
al.28 for 2-aminoethyl methacrylate monomers and McCormick et al.32 for acrylamido
monomers. McLeary et al.34 investigated the initialization period observed in the RAFT
polymerization of styrene with the chain transfer agent cyanoisopropyl dithiobenzoate via
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in situ 1H NMR. It was found that the time taken by the chain transfer agents to react with
a single monomer unit is the reason for the observed delay of polymerization. Chain
growth did not start until all of the CTAs were consumed. This observation was attributed
to the much faster propagation rate of the CTA radicals than the radicals of the
propagating chains containing a single monomer unit. 34 Monomer conversions of ~7%
and ~70% were achieved in 60 min and 270 min respectively for the GalEAm reaction,
whereas it took 120 min and 360 min to achieve the same conversions for the GlcEAm
reaction. The longer inhibition time for GlcEAm may be the result of stabilization of the
macro CTA through hydrogen bonding with the pendant group, which occurs to a greater
extent with the glucose derivative than with the galactose.
Aliquots were taken from the reaction mixture at 30 minute intervals, and the
monomer conversion was calculated via 1H NMR spectroscopy. The theoretical number
average molecular weight (Mnth) was calculated from 1H NMR spectroscopy according to
equation 1, where ρ is the fractional monomer conversion, MWmon is the molecular
weight of the monomer, [M]0 is the initial concentration of monomer, [CTA] 0 is the
initial concentration of the chain transfer agent, and MWCTA is the molecular weight of
the chain transfer agent.31 The degree of polymerization was calculated from the Mnth
using equation 2.
𝑀nth = (𝜌MWmon [𝑀]0 /[CTA]0 ) + MWCTA

(1)

𝐷𝑃𝑡ℎ = (𝑀𝑛𝑡ℎ − 𝑀𝑊𝐶𝑇𝐴 )/𝑀𝑊𝑚𝑜𝑛

(2)

The monomer conversion, molecular weight, and degree of polymerization data are
summarized in Table 2.1.
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Table 2.1 Conversion and molecular weight data for glycopolymers and PDMA as
determined via NMR and GPC.

Sample

DPth Mnth

Mn(GPC)a Mw/Mnb

DP

Conversion

35

8.4

42

11800

2740

1.13

PGalEAm350 350

69

344

95500

39100

3.82

PGlcEAm35

7.8

39

11000

4640

1.16

PGlcEAm350 350

69

344

95500

39600

3.82

PDMA35

35

7.9

40

4220

3760

1.17

PDMA350

350

69

346

34500

32800

1.24

PGalEAm35

a

Target %

35

(g/mol) (g/mol)

Relative to PEO standards, bAs determined by GPC (aqueous solution, 0.1 M NaNO3

and 0.01% (w/v) NaN3).

Figure 2.2 shows GPC traces for the four glycopolymers. The low molecular
weight glycopolymers exhibit narrow unimodal peaks and low dispersities (PGalEAm35
ĐM = 1.13 and PGlcEAm35 ĐM = 1.16), while the high molecular weight glycopolymers
show broad peaks with extended shoulders at shorter retention times. The peak
broadening is attributed to aggregation, which is observed only for the high molecular
weight glycopolymers. Similar association was reported by Liang et al. 35 for poly[2-(βD-glucosyloxy)ethyl acrylate in water. They reported the critical aggregation
concentration (cac) to be inversely related to the glycopolymer molecular weight. They
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noted that while the side chains are highly hydrophilic, the backbone is hydrophobic, and
fluorescence studies indicated that the interior of the aggregates was hydrophobic. Thus,
aggregation may be attributed in part to hydrophobic interactions. Other reports have
attributed polysaccharide aggregation to intermolecular hydrogen bonding. 36, 37 It is likely
that similar associations occur in our glycopolymers. Note that in Table 2.1, both
theoretical Mn (Mnth, determined by NMR) and relative M n (determined by GPC) are
reported. The relative Mn was calculated with respect to PEO standards, and these values
are lower by a factor of approximately 2.4 in comparison to those calculated from the
NMR monomer conversion data. Molecular weight trends are similar for the two sets of
data, and both show a factor of ten increase in molecular weight for the high DP
glycopolymers.

Figure 2.2 GPC traces for PGalEAm35, PGalEAm350, PGlcEAm35, and PGlcEAm350.
Low molecular weight polymers yield narrow dispersities, while high molecular weight
systems show apparent aggregation.
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2.3.3 RAFT polymerization of N, N′-dimethyl acrylamide
To clearly establish the effects of the backbone structure and saccharide moieties
of a glycopolymer on Aβ aggregation, polymers having similar backbone structures
without saccharide units were synthesized. Poly(N,N-dimethyl acrylamide) (PDMA) with
controlled molecular weights (~35DP and ~350DP) and low dispersities were synthesized
for the Aβ aggregation studies and utilized separately from the glycopolymers. GPC and
NMR data are shown in Table 1, and the dispersities are 1.17 and 1.24 for PDMA35 and
PDMA350, respectively. (GPC traces, Supporting information, Appendix A, Figure
A.12)
2.3.4 Investigation of Aβ42 aggregation in the presence of glycopolymers
The effects of saccharide pendant group and molecular weight on  aggregation
were determined using ThT fluorescence by monitoring solutions of glycopolymers and
the PDMA standard co-incubated with A42 monomer. ThT is a fluorescent dye which
preferentially binds to β-sheet rich amyloid aggregates, yielding an increase in
fluorescence intensity.38, 39 Three-fold molar excess (75 μM) of polymer was incubated
with Aβ (25 μM) in 20 mM Tris at pH 8.0 with 0.1 M NaNO3 and 0.01% NaN3. Samples
were kept at 37 °C and ThT fluorescence was measured periodically (Figure 2.3. A-C).
Aβ in the absence of polymer displays a short lag phase (2 h) before association (growth
phase) and saturation as fibrils at 24 h of incubation (where plateau is reached) (Figure
2.3. A, ◼). Aβ in the presence of PDMA alone (negative control) shows a small decrease
in aggregation rate (increase in the lag phase), however the saturation level is reached at
48 h (within standard experimental error) for solutions of both molecular weight
polymers (Figure 2.3. A,  and ). Samples containing PGalEAm show a marginally
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decreased aggregation rate in comparison to the A control, particularly for the low
molecular weight polymer, but the plateau region is reached at 72 h. (Figure 2.3. B, 
and ). For the PGlcEAm35 solution, Aβ aggregation rate is initially reduced (Figure
2.3. C, ), but saturation occurs at similar intensities within 36 hours. This suggests that
the Aβ aggregation rate is influenced by the polymers PDMA, PGalEAm, and
PGlcEAm35, but these polymers do not influence the final product of Aβ aggregation
(fibrils). Fung et al.16 reported a decrease of lag phase of Aβ42 aggregation in the
presence of glucose and galactose monosaccharides, whereas Rajaram et al. 40 reported a
concentration dependent increase in lag phase for Aβ40 aggregation in the presence of
glycoclusters made of six units of either glucose or galactose. We observed a minor
decrease in lag phase for Aβ42 aggregation in the presence of PDMA, PGalEAm and
PGlcEAm35 (Figure 2.3 A, B, and C).
Aβ aggregation in the presence of PGlcEAm350, however, displays a very
distinct aggregation profile (Figure 2.3. C, ). The ThT intensity rapidly increases and
plateaus within the first three hours of incubation (Figure 2.3. D, ). The decreased
fluorescence intensity as compared to other samples indicates that the size of the
aggregates and/or the structure of the aggregates is different from that of the other
samples. This unique aggregation profile suggests that Aβ rapidly forms smaller
oligomers, but not fibrils, in the presence of PGlcEAm350. The initial rapid increase in
fluorescence intensity can be attributed to the fast nucleation of Aβ in presence of
PGlcEAm350 and formation of a large number of nucleation seeds at the beginning of the
interaction. Because the number of nucleation sites is higher, the number of Aβ per site is
low and thus small aggregates are formed.
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Fung et al. reported the formation of small aggregates of Aβ in the presence of
glucose while galactose promoted mature fibril formation.16 Glycoclusters of glucose and
galactose have been reported to promote the formation of fibrils of Aβ40.40 In contrast,
our ThT experiments showed that the low molecular weight glucose containing
glycopolymer, PGlcEAm35, promotes Aβ fibril formation whereas the high molecular
weight PGlcEAM350 promotes formation of small aggregates (oligomers) (Figure 2.3 C).
Both low (PGalEAm35) and high (PGalEAm350) molecular weight galactose containing
polymers promote formation of Aβ fibrils (Figure 2.3 B).
To determine if this was indeed the case, polyacrylamide gel electrophoresis
(PAGE) in conjunction with immunoblotting was utilized. Samples were electrophoresed
under denaturing conditions (sodium dodecyl sulphate, SDS-PAGE) at 6 h and 72 h of
incubation (Figure 2.3. E). At 6h of incubation, all samples contained a band at 4.5 kDa
corresponding to monomeric Aβ as well as a low molecular weight (LMW) oligomeric
species (~15 kDa). High molecular weight (HMW) fibrils, which do not enter the gel,
were observed in all samples with the exception of Aβ incubated with PGlcEAm350. The
same analysis at 72 h revealed a small amount of Aβ monomers along with a significant
concentration of HMW soluble oligomers, which is likely due to dissociation of the
insoluble fibrils in denaturing conditions. However, no insoluble fibrils were observed for
Aβ incubated with PGlcEAm350, and the monomer content appears to be larger than in
other samples. Together with the ThT data, this analysis confirms that PDMA, PGalEAm,
and PGlcEAm35 polymers marginally affect the rate in which Aβ aggregation occurs, but
the polymers do not affect the formation of the final product of fibrils. However, Aβ in
the presence of PGlcEAm350 differs from the others in that oligomeric species are
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formed. To gain better perspective of this, non-denaturing (native) PAGE was employed
at both 6 h and 72 h of incubation (Figure 2.3 F). It is important to note that the MW
makers used for SDS-PAGE in panel E do not correspond to panel F, as these samples
were electrophoresed under native conditions, and therefore size estimations cannot be
determined. Regardless, similar to that observed in the denaturing gel, all samples
contained monomeric Aβ which had not undergone aggregation. Also, HMW fibrils were
observed in all samples, except Aβ with PGlcEAm350, which exclusively formed an
intermediate soluble oligomer. By 72 h of incubation, all samples (except Aβ incubated
with PGlcEAm350) formed HMW fibrils with no discernible monomers or oligomers.
However, the Aβ incubated with PGlcEAm350 displayed disperse soluble oligomer
formation, with minimal fibril formation. From this data, it is clear that the HMW
glucose containing glycopolymers show distinctly different behaviour from that of other
glycopolymers towards Aβ aggregation. This specific interaction produces soluble
oligomers, which are reported to be the primary cause of toxicity in AD.
The difference in Aβ aggregation behaviour in the presence of glycopolymers of
different structures can be related to H-bonding patterns.16, 41 Glucose forms stronger Hbonds with Aβ whereas galactose forms weaker bonds.16 Because the bonding between
PGalEAm and Aβ is weak, more H-bonding sites are available within Aβ, which
promotes self-association of Aβ and ultimately produces mature fibrils. 16 Glucose has
been reported to promote formation of oligomers of Aβ by forming stronger H-bonds
with Aβ.16 These strong H-bonds lead to formation of more nucleating seeds and fewer
H-bonding sites available within Aβ. From our ThT and PAGE experiments, it is clear
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that glucose-containing glycopolymers with two different molecular weights, low and
high, behave differently towards Aβ aggregation. Aβ forms fibrils in the presence of
PGlcEAm35 whereas it forms small aggregates or oligomers in the presence of
PGlcEAm350. This suggests that H-bonding alone is not sufficient to significantly
change the aggregation behavior of Aβ, and there is a concentration dependence of the
glucose units (clustering effect).
It has been reported that saccharide clusters exhibit stronger H-bonding
tendencies than their monosaccharide counterparts.42, 43 We believe that the glucose units
in the high molecular weight PGlcEAm350 form intramolecular/intermolecular clusters
due to the presence of the large number of glucose units in close proximity, as reported
for similar systems by others.35-37 The concentration of saccharide pendant groups is tenfold lower in the solutions of low molecular weight PGlcEAm35, and as reported in
reference Liang et al.,35 critical aggregation concentration (cac) is inversely related to
molecular weight. Thus, cluster formation is not observed in the low molecular weight
system because of the lower concentration of saccharide units and lower H-bonding
propensity. It is possible, therefore, that stronger H-bonding due to the clustering glucose
is responsible for oligomer formation by Aβ in the presence of PGlcEAm350.
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Figure 2.3 Glycopolymer-Aβ aggregation studies using ThT-fluorescent (A), (B), (C),
and (D). Polyacrylamide gel electrophoresis in denaturing condition (E) and in nondenaturing condition (F). Control sample refers to Aβ alone without any polymer. In the
images (E) and (F), 1 stands for polymer with a DP of 35 and 2 stands for DP of 350.
PGlcEAm350 promotes formation of oligomers with minimal fibril production.
2.4 Conclusions
Acrylamide based glycopolymers with -D-glucose and -D-galactose pendant
moieties were synthesized to high (DP 350) and low (DP 35) molecular weights via
aqueous RAFT polymerization for determination of the effects of saccharide structure
and concentration on Aβ aggregation. Dimethylacrylamide with no pendant saccharide
was polymerized to similar molecular weights as a negative control. The high molecular
weight glucose containing glycopolymers exhibited a large effect on the Aβ aggregation
process, inducing the formation of toxic soluble oligomers while limiting fibril formation.
The other glycopolymers and PDMA caused a minor reduction in the rate of Aβ
aggregation but had no effect on the ultimate extent of fibril formation. The unusual Aβ
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aggregation behaviour in the presence of the high molecular weight glucose containing
polymers may be the result of hydrogen bonding of Aβ with the glucose pendant groups
and the polysaccharide cluster effect, which does not occur with the low molecular
weight polymer because of its reduced concentration of saccharide. These model systems
provide information about the behaviour of Aβ in the presence of polysaccharides, and
more importantly, demonstrate the specificity in generating low molecular weight, toxic
oligomers. The report also demonstrates the potential of utilizing glycopolymer systems
of controlled composition and molecular weight in determining the mechanisms of toxic
oligomer and fibril formation.
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CHAPTER III - MODEL GLYCOPOLYMER BRUSH: LONG CHAIN BRUSH
SYNTHESIS VIA PHOTOPOLYMERIZATION AND BRUSH
CHARACTERIZATION
3.1 Introduction
We have reported that high molecular weight glucose containing glycopolymers
in aqueous solution induced the formation of smaller aggregates or oligomers of Aβ,
whereas galactose containing polymers of similar molecular weight promoted fibril
formation.1 The kinetics of Aβ aggregation was also found to be significantly different
for the two systems.1 As mentioned in Chapter I, gangliosides in their natural
environment are embedded in phospholipid cell membranes via their ceramide tail.2
These phospholipid membranes are semi-solid in nature, more like a liquid cooking oil
than a solid shortening.3 Therefore, due to their attachment within the membranes, the
movement of the gangliosides and hence the movement of the saccharides of gangliosides
is restricted.4 It has been reported that the morphology and the toxicity of the peptide
aggregates depends on the aggregation conditions, such as bulk solution versus surface or
the physiological condition of the interface. 5-10 Therefore, evaluation of a surfaceimmobilized glycopolymer model was necessary for an improved understanding of the
effect of the saccharides of gangliosides on Aβ aggregation.
There are two general ways to immobilize polymer chains on a surface: selfassembled monolayer (SAM) formation, and covalent attachment. The SAM is a
relatively simple and straightforward process. However, due to the weak interactions
between the polymers and the surface, thermal and solvolytic instabilities might occur. 11
This drawback can be avoided by tethering polymers via covalent attachment.
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There are several routes by which covalently attached glycopolymers can be
synthesized on a surface, and Figure 3.1 shows some of the common routes.
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Figure 3.1 Schematic overview of different techniques for glycopolymer immobilization
on a surface. Adapted from Ehe et al12.
Surface polymerization can be achieved through grafting-from, grafting-to/onto,
or grafting-through techniques.13 The grafting-to and grafting-through methods involve
the attachment of large prefabricated glycopolymers to a surface.14 These techniques
generally result in a low graft density due to the steric hindrance of the bulky saccharide
side groups.13 The ‘grafting from’ method involves the growth of the glycopolymers from
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a surface.15 In this technique, polymer formation is less sterically hindered because
monomers gradually add to the growing chains.16
Pfaff et al.17 reported synthesis of galactose and mannose containing
glycopolymers grafted on poly(divinylbenzene) via grafting from, grafting-to, and
grafting through techniques and found that the grafting from approach yielded much
higher grafting density (0.35 chains/nm2) than the grafting-to (0.20 chains/nm2) or
grafting-through (0.22 chains/nm2) techniques.17 Because the grafting-from technique
produces brushes with high graft density, it is generally preferred.12, 14, 16
Active sites for polymerization can be created directly on the appropriate surfaces by
plasma18 or UV irradiation or a photo or thermal initiator can be immobilized on surfaces
and then activated by applying heat,19 UV irradiation,20 or microwave energy.21
Controlled radical polymerizations, such as atom transfer radical polymerization
(ATRP)13, 14, 22-24 or reversible addition chain transfer (RAFT) polymerization25-28 have
been widely used due to the controlled nature of the polymerization which allows
production of brushes with targeted molecular weight and low dispersity. However,
controlled radical polymerization techniques are highly sensitive to reaction conditions
and have slow reaction rates.29, 30 In contrast, conventional or uncontrolled free radical
polymerization has the advantages of robust reaction conditions, faster reaction rates, and
suitability for a wide range of vinyl monomers.29, 31, 32 While precise control over the
thickness or the molecular weight of the brush cannot be achieved via conventional free
radical polymerization,12 we utilized this method to synthesize glycopolymer brushes of
high grafting density and high thickness from silicon wafers and silicon dioxide coated
quartz crystal surfaces.
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Conventional free radical polymerization for the synthesis of glycopolymer
brushes can be initiated by plasma, heat (thermal), or UV irradiation. 12, 18, 19, 33, 34 Deng et
al. synthesized a poly(α-allyl glucoside) brush on a hollow microfiltration membrane of
polypropylene (PP) by plasma-induced free radical polymerization.18 In this case, a PP
membrane was dipped in the monomer solution for a certain time and then the solvent
was evaporated under reduced pressure, followed by plasma irradiation to yield a bulk
polymer layer on the membrane surface. 18 Guo et al19 synthesized lactose-containing
glycopolymers on a silica gel surface using AIBN as the initiator. Ulbricht and coworkers grafted poly(2-lactobionamidoethyl methacrylate)34 and poly(Dgluconamidoethyl methacrylate) 33 on a polypropylene (PP) microfiltration membrane
surface by UV-induced graft copolymerization. Here, the photo-initiator benzophenone
(BP) was entrapped into the PP membrane by immersing the membrane in the initiator
solution.33, 34 The grafting density of the brushes was controlled by varying the monomer
concentration, UV irradiation time, or photo-initiator concentration.18, 34
We synthesized glycopolymer brushes of high grafting density and a target
thickness of 90 nm which corresponds to a target theoretical degree of polymerization
(DP) of 350 via a surface-initiated free radical UV photopolymerization technique (DP
calculation : Appendix B, Supporting information for chapter III). The DP of 350 was
chosen for comparison with our solution experiments involving glycopolymers of DP 350
described in Chapter II. We hypothesized that the brushes with high grafting density and
higher thickness would have more pendant saccharide groups available for interactions
with the Aβ. For an effective polymer-Aβ interaction, the concentration of the
saccharides and peptide Aβ needs to be higher than a threshold value. 35, 36
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The glycopolymer brushes were fully characterized and then utilized for in vitro
Aβ interaction studies utilizing QCM-D and AFM techniques (described in Chapter IV).
3.2 Materials and methods
3.2.1 Materials
Irgacure 2959 (2-hydroxy-1-[4-(2-hydroxyethoxy) phenyl]-2-methyl-1propanone) was obtained from Ciba Speciality Chemicals. All other reagents and solvents
used in this research were obtained from Sigma-Aldrich Corporation (USA) or
ThermoFisher Scientific (USA) in their highest purity available and were used without
further purification unless otherwise stated. Silicon wafers and SiO2 coated crystals (QSX
303) were obtained from Sigma Aldrich (USA) and Biolin Scientific AB (Sweden),
respectively. The acrylamide-based stereospecific glucose and galactose containing
glycomonomers, GlcEAm, and GalEAm respectively, were synthesized and characterized
by following the procedures described in Chapter II.
3.2.2 Characterization
Nuclear magnetic resonance (NMR) spectroscopy was performed with a Varian
MercuryPLUS (300 MHz) spectrometer by taking an average of 128 scans (delay 5 s)
using appropriate solvents (CDCl3 or D2O).
Grazing angle total reflection-Fourier transform infrared (GATR-FTIR) spectra of
surface grafted polymers were collected via a Nicolet 8700 FTIR spectrometer (Thermo
Scientific) attached with a VariGATR grazing angle ATR accessory (Harrick Scientific)
using OMNIC software. A bare silicon wafer was used as the background. Spectra were
taken with a resolution of 4 cm-1 by accumulating a minimum of 100 scans per run.
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Nitrogen was constantly purged through the attachment to reduce interference of carbon
dioxide and water.
Water contact angles on the surfaces of the unmodified and modified wafers and
SiO2 coated quartz crystals were measured after each step during the initiator
immobilization and the glycopolymer synthesis. The contact angle was measured by a
Rame-Hart 200-00 Std. Tilting B goniometer. A 6 μL water droplet was dropped onto the
surface and the average of three measurements is reported.
Ellipsometric measurements were carried out using a Gaertner Scientific
Corporation LSE Stokes ellipsometer with a 632.8 nm laser at 70° incident angle.
Refractive indices of 3.85 were used for wafers and silicon dioxide coated quartz surfaces
and 1.46 were used for initiator and glycopolymer films.
Atomic force microscopy (AFM) imaging was performed with a Dimension Icon
(Bruker) instrument in tapping mode. Silicon nitride probes (RTESP from Bruker) with a
typical resonance frequency of 324-358 kHz, spring constant of 20-80 N/m, length of
115-135 µm, and tip radius of 8 nm were utilized for the imaging. The AFM images were
captured at a scan rate of 1 Hz and 256 X 256 pixels of data points were collected. Images
were taken at different locations (at least three) across the surface. Nanoscope 5.30r2
software was used to capture the images, and then the images were flattened for 3rd order
fit and analyzed via NanoScope Analysis 1.5 (Bruker) image processing software.
3.2.3 Synthesis of glycopolymer brushes on silica surfaces
Glycopolymer brushes on silicon wafers and silicon dioxide coated quartz crystals
were synthesized via a two-stage process: first, modification and immobilization of a UV
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photoinitiator on the silica surfaces and then glycopolymer synthesis from the initiatormodified surfaces.
3.2.4 Initiator modification
The photoinitiator, 2-hydroxy-1-[4-(2-hydroxyethoxy) phenyl]-2-methyl-1propanone) [Irgacure 2959], was modified to protect the photo-active hydroxyl group and
to introduce an anchoring trichlorosilane group which can covalently bind with a silanolfunctional surface. Initiator modification was performed by following the procedure
reported by Hensarling et al.37 Scheme 3.2. shows the reaction scheme followed for the
initiator modification reactions. Products obtained in each step were characterized and
confirmed via 1H NMR Spectroscopy [Supporting information, Appendix B, Figure B.1
and B.2].

Scheme 3.1 Reaction scheme for the modification of Irgacure 2959 and immobilization
on surfaces
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3.2.5 Initiator immobilization on silicon wafers and quartz crystal surfaces
Silicon wafers were utilized to determine the optimum reaction conditions to
achieve a target thickness of 90 nm which corresponds to a theoretical degree of
polymerization of 350 for the glycopolymer brush. Once the optimum conditions were
determined with silicon wafers, the same reaction conditions were utilized to synthesize
glycopolymer brushes on silicon dioxide coated quartz crystals (QSX 303) for QCM-D.
Silicon wafers (1 cm X 1 cm) were cleaned ultrasonically in DI water, acetone, and
ethanol for 15 min in each of the solvents and dried under a stream of nitrogen. Surfaces
were activated by exposing them to plasma for 5 minutes in a nitrogen atmosphere
immediately before use for the initiator immobilization reaction. Activated wafers were
immersed in a 4 mM solution of the silane modified initiator (4) in dry toluene for 2 h in
the presence of triethylamine as a catalyst and acid scavenger. The reaction was
performed under anhydrous conditions inside a glove box filled with dry nitrogen gas.
After functionalization, the surfaces were washed with toluene and dried under a stream
of nitrogen gas. Surfaces were characterized via GATR-FTIR, ellipsometry, and contact
angle measurements. The initiator immobilized wafers were stored in toluene in a
refrigerator until they were used.
3.2.6 Polymerization of glycomonomers on initiator modified surfaces
The acetyl-protected initiator surfaces (5) were deprotected by reacting with
potassium carbonate in methanol for a period of 2 h. The surfaces were washed with
methanol and water and dried in nitrogen before they were used for the synthesis of
glycopolymer brushes. The silicon wafers with deprotected surfaces (6) were immersed
into 0.5 M aqueous solutions of the glycomonomers (GalEAm or GlcEAm) in a test tube.
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Each test tube was sealed with a rubber septum and purged with nitrogen for 30 min. The
wafers immersed in the monomer solutions were irradiated with UV light of intensity 60
mW/cm2 for 20 minutes. The polymer grafted wafers were taken out of the test tubes,
immersed in distilled water for a day, and rinsed with a copious amount of distilled water
to remove any unreacted monomer and loosely adsorbed polymer. The surfaces were
dried with a slow stream of nitrogen and characterized via GATR-FTIR, AFM,
ellipsometry, and contact angle measurements. The glycopolymer brush grafted surfaces
appeared blue on visual inspection which was clearly different from the initiator modified
wafer surface. The dry thickness of the polymer brush was measured via AFM scratch
test and ellipsometry, and the results are reported in Table 3.1.

GlcEAm
N2

hγ, λmax= 365 nm
60 mW/cm2, 20 min

PGlcEAm brush

Scheme 3.2 Synthesis of the glycopolymer brushes (PGlcEAm) on the initiator
immobilized surface. (same scheme applies for PGalEAm brush synthesis).
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Once the reaction conditions were optimized using the silicon wafers, the same
conditions and procedures were used for silicon dioxide coated quartz crystal surfaces
(QSX 303) for initiator immobilization and brush synthesis. The thickness of the initiator
and brush layers on silicon dioxide coated quartz crystal surfaces were measured via
ellipsometry. Note that the AFM scratch test for thickness measurement could not be
performed on silicon dioxide coated quartz crystal surfaces due to the apparent removal
of silicon dioxide during scratching, thus making the thickness measurement via the
scratch test erroneous.
3.3 Results and discussion
3.3.1 Photoinitiator immobilization on silicon surfaces
The silicon wafer surfaces before and after the immobilization of the
photoinitiator were investigated via GATR-FTIR spectroscopy. Observation of the alkane
C-H (stretching) peak at 2925 cm-1, C=O peak at 1733 cm-1 (Ar-CO-iPr), and C-O peak
at 1216 and 1112 cm-1 for alkyl-aryl ether and aliphatic ethers, respectively, confirmed
the immobilization of the modified initiator (5) on the silicon wafer surfaces [detailed
peak assignment is in the Supporting information, Appendix B, Table B.1]. Presence of a
thin film of the thickness of 3.6 nm (via ellipsometry) on the silicon wafer surface
reaffirmed the initiator immobilization. The thickness of the acetyl protected initiator film
(5) decreased to 1.6 nm after the deprotection reaction (6). Similarly, initiator
immobilization on the silicon dioxide coated quartz crystals (QSX 303) was confirmed
via GATR-FTIR and ellipsometry.
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Figure 3.2 GATR-FTIR of silicon wafers, initiator immobilized wafers. and
glycopolymer brushes (PGlcEAm).
Water contact angles were measured after each step of the surface modification
process of the silicon wafer and SiO2 modified quartz crystal (Figure 3.3). A decrease in
water contact angle (increase in hydrophilicity) is observed after plasma treatment. A
dramatic increase in water contact angle is apparent after the acetate protected initiator
(4) was immobilized on the surfaces. On deprotection of the acetate group of the initiator,
the surfaces became hydrophilic and the water contact angles were found to decrease.
Hydrophobicity of the protected-initiator modified wafer surfaces was higher than that of
the modified crystal surfaces, and after deprotection, the contact angles of the wafer
surfaces were lower. We attribute these differences to greater initiator deposition on the
wafer surface than on the crystal surface.
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Figure 3.3 Water contact angles at different stages of surface modification. (a) neat, (b)
plasma treated, (c) protected initiator, and (d) deprotected surface. Increase in water
contact angle indicates effective modification of the surface (c). Removal of the
protecting group yields hydroxyl groups; therefore, greater hydrophilicity and reduced
water contact angle of the surface (d).
3.3.2 Polymerization of glycomonomers on the initiator modified surfaces
Glycomonomers were polymerized from the initiator-modified silicon wafer and
QCM crystal surfaces via UV-photoinitiated free radical polymerization and were
characterized via GATR-FTIR, contact angle measurement, ellipsometry, and atomic
force microscopy (AFM).
Characteristic IR peaks (Figure 3.2) are observed via GATR-FTIR that confirm
the presence of the glycopolymers. The broad peak at 3700-3000 cm-1 is attributed to the
overlap of the amide N-H (stretching) and the saccharide O-H (stretching), and the sharp
peak at 1649 cm-1 is attributed to the amide C=O (stretching) of the repeat unit GlcEAm.
Glycopolymer brush modified surfaces display increased hydrophilicity as
evidenced by a decrease in contact angle (Figure 3.4) from that of the initiator modified
surfaces (Figure 3.3). Water contact angles of the glucose containing polymer brush
surfaces are lower than those of the galactose containing brush surfaces. This is attributed
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to higher roughness of the galactose-polymer surfaces (Figure 3.5)

38, 39

and to the more

hydrophilic nature of the glucose than the galactose. 40 Similarly, the contact angle
variation between a glycopolymer grafted wafer vs crystal (Figure 3.6 a vs b for glc brush
or c vs d for gal brush) can be correlated to the formation of smoother brush surfaces on
crystals than on the wafers (Supporting information, Appendix B, Figure B.4).

Brush on wafer
34°

41°

a

b

Brush on SiO2 coated crystal
31°

17°

a

b

Figure 3.4 Water contact angle of the glycopolymer brushes. (a) glucose brush and (b)
galactose brush.
Brush surfaces, on visual inspection, appear smooth and uniform (supporting
information, Appendix B, Figure B.3). AFM imaging (Figure 3.5) was performed for a
more detailed investigation of the surfaces. For the glucose brush of thickness 76 nm and
the galactose brush of thickness 81 nm, a maximum roughness of 4.5 nm and 9.4 nm,
respectively, was observed via AFM imaging (Figure 3.5). The surface roughness was
less than 15% of the total thickness of the brushes, indicating that the brushes formed
uniformly across the surfaces, the grafting density is high, and the structures are
representative of brushes and not mushrooms.
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b

a

0.0 nm

0.0 nm

Figure 3.5 AFM height images of (a) GlcEAm brush (RMS roughness 0.58 nm) and (b)
GalEAm brush (RMS roughness = 1.22 nm) on silicon dioxide coated quartz crystal
surfaces. Scan size = 5.0 µm and scale = 1.0 µm
To further investigate whether the surface grafted polymers were in the brush
form, the surfaces were soaked with water for 24, 48, and 72 h. It was expected that if the
grafting density was high (e.g. 0.6-0.8 chains/nm2), then there would not be a significant
change in the wet thickness of the brushes when soaked in a good or a poor solvent.41-43
We found that the thickness of the glycopolymer brushes on silicon wafers measured
after 24 h of soaking in water (good solvent) and methanol (bad or poor solvent) did not
change significantly from that of the dry brush thickness (Table 3.1) implying a high
grafting density of the glycopolymers on the surfaces and the glycopolymers indeed
formed brushes where chains were stretched and not in a mushroom-like conformation.
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Table 3.1 Thickness of the glycopolymer brushes on silicon wafers and silicon dioxide
coated quartz crystals of QCM as determined via ellipsometry and AFM scratch test.

Brush
type

Brush on silicon wafers

Brush on crystals*

Thickness Thickness DPtheo‡
Thickness
DPtheo
via
via AFM
via
Ellipsometry
scratch
Ellipsometry
(nm)
test (nm)
(nm)

Thickness of
brush after
soaking#
24 h
24 h
soaked soaked
in
in
water CH3OH

PGlcEAm

97 (2.9)

96

382

76 (4.7)

303

103
(3.4)

95 (2.1)

PGalEAm

102 (4.7)

99

394

81 (10)

323

103
(6.9)

99 (3.9)

‡

Theoretical degree of polymerization DPth = thickness/ length of a repeat unit,

ellipsometric thickness and the length of a repeat unit of 0.251 nm (considering C-C bond
length of 0.154 nm) was used for the calculation. #Thickness was determined via AFM
scratch tests. *Dry thickness of the brushes on SiO 2 coated quartz crystals of QCM could
not be determined via AFM scratch test due to the removal of SiO 2 layer on scratching.
The numbers in parentheses represent standard deviation.
3.4 Conclusions
Glycopolymer brushes with a target thickness of 90 nm were synthesized on
silicon wafers and SiO2 coated quartz crystal surfaces via a surface-initiated
photopolymerization technique and were fully characterized. The brushes were found to
be smooth and uniformly distributed across the surfaces and suitable for Aβ interaction
experiments via QCM-D.
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CHAPTER IV – INVESTIGATION OF LECTIN AND Aβ INTERACTION WITH
SURFACE GRAFTED GLYCOPOLYMERS USING QCM-D
4.1 Introduction
Surface grafted glycopolymers have been utilized for sensing, recognition, and
interaction studies between saccharides and proteins (lectins), 1-4 bacteria,5 or fatty acids6..
The binding ability of a saccharide with a protein depends on the specific structure of the
saccharide and the protein. For example, Pfaff et al. reported a strong binding interaction
between a galactose grafted poly(divinylbenzene) microsphere and the lectin Ricinus
communis agglutinin (RCA120); whereas, mannose-containing grafted glycopolymers
lack lectin binding ability.4 This difference in lectin recognition was attributed to the
structural differences of galactose and mannose. 4 Matsumoto et al. demonstrated that βgalactose has a stronger binding affinity towards Aβ than glucose. 7 The structures and
size of the Aβ aggregates were found to be dependent on the structure of the saccharides;
for example, Aβ formed larger aggregates and showed more β-sheet content (strong
negative Cotton effect in circular dichroism) in the presence of a β-galactose immobilized
onto a surface in comparison to that formed by glucose modified surfaces.

7

It has been reported that saccharides of the cell membrane gangliosides in their
clustered form seed Aβ aggregation.8 We have reported (Chapter II) that high molecular
weight glycopolymers of glucose affect Aβ aggregation differently than low molecular
weight glycopolymers, presumably due to the higher concentration of saccharides in the
high molecular weight polymer.9 Here we investigated the effect of surface immobilized
β-D-glucose and β-D-galactose containing glycopolymers on Aβ aggregation using
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quartz crystal microbalance with dissipation monitoring (QCM-D) and atomic force
microscopy (AFM).
Model studies were first performed utilizing glucose and galactose containing
glycopolymers immobilized or deposited onto surfaces and their interactions with a wellknown β-galactose specific lectin, Ricinus communis agglutinin (RCA).10, 11 The
interaction of the RCA with the glycopolymer deposited surfaces was monitored via
quartz crystal microbalance with dissipation monitoring (QCM-D). Once it was
established that the glycopolymer deposited surfaces showed selective interactions with
RCA, the glycopolymers were grafted to the surfaces for evaluation of Aβ interaction
interactions.
4.2 Materials and methods
4.2.1 Materials
Gold coated (QSX 301) and SiO2 coated (QSX 303) quartz crystals were obtained
from Biolin Scientific AB (Stockholm, Sweden). The glycopolymer grafting to the SiO2
coated crystals and characterization were described in Chapter III. Fluorescein-labelled
RCA was obtained from Vector Laboratories (CA, USA), and all other chemicals were
obtained from Sigma Aldrich at their highest available purity and used without further
purification. The Aβ42 was purified following the procedure reported in Chapter II.
4.2.2 Experimental
4.2.2.1 RCA and Aβ interaction with glycopolymers via quartz crystal microbalance
with dissipation monitoring (QCM-D)
To investigate the lectin RCA120 interaction/deposition on glycopolymer
surfaces, a gold crystal was mounted on the QCM-D flow cell of Q-sense E4 instrument
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(Biolin Scientific AB, Stockholm, Sweden). Resonance frequencies of the crystal at
different overtones (n = 1, 3, 5, 7, 9, 11, and 13 where the fundamental frequency, f0 =
4.95 MHz) were first determined. A stable baseline was obtained with PBS buffer (10
mM, pH 7.4, saturated with Ca++, Mg++, and Mn++ salts, flow rate = 50 µL/min) followed
by a 5 mg/mL solution of either PGlcEAm350 or PGalEAm350. Finally, the RCA
solution of 0.2 mg/mL was pumped through the cell followed by a rinsing step using the
PBS buffer. Fluorescein-tagged RCA and non-fluorescent RCA were utilized for this
investigation and the fluorescein-tagged RCA deposited onto the surfaces of neat and
glycopolymer modified QCM crystals after their final buffer wash were imaged via
fluorescent microscopy.
For glycopolymer brush-Aβ interaction studies, a glycopolymer grafted QCM
crystal was mounted on the flow cell, and Tris buffer (10 mM, pH 8.0, 0.01 % w/v of
sodium azide) was pumped through the cells for 10 min followed by Aβ peptide (10 µM)
for 8 min. Then the flow was stopped keeping the Aβ inside the cell and in contact with
the brush for 24 h, and, finally, a Tris buffer wash was performed.
Note that a constant flow rate of 50 μL/min was maintained for all the QCM-D
experiments whenever a solution was pumped through the flow cells (modules) using a
peristaltic pump (ISMATEC) and the temperature of the flow cell was kept constant at 25
°C during the experiments. The same buffer solution was used to prepare the
protein/peptide/polymer solutions, to obtain the initial baseline, and for the final washing
step of an experiment.
The time-resolved frequency and dissipation changes of the crystals due to
polymer-protein interaction and deposition were simultaneously recorded for the
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overtones n = 1, 3, 5, 7, 9, 11, and 13 using Q Soft software (Biolin Scientific).
Frequency and dissipation data were analyzed via viscoelastic or Sauerbrey modelling
using DFind software (Biolin Scientific).
4.2.2.2 Analysis of the frequency and dissipation data obtained from the QCM-D
experiments
Quartz crystal microbalance with dissipation monitoring (QCM-D) is a highly
sensitive technique which provides quantitative information about changes in thickness,
mass, and the viscoelastic properties of the materials deposited on a quartz crystal. The
resonance frequency (f) and dissipation characteristics (D) of a piezoelectric sensor
change as adsorption/desorption or any other interactions or changes occur on the
surface.12 If the adsorbed layer on a crystal surface is thin and rigid and the energy
dissipation due to the viscous loss is negligibly small, then the frequency is proportional
to the added mass13, 14 and the mass deposited on the crystal can be calculated via the
Sauerbrey equation (eq. 4.1).14
1
m = − C f
n

(4.1)

The film thickness can be expressed as,  =

m



(4.2)

In the equations 4.1 and 4.2, Δm is the mass deposited per unit surface area of the
crystal, Δf is the frequency change, n is the vibrational mode number (overtone), c is the
instrument constant which is a function of the properties of the quartz crystal including its
fundamental frequency (f0), and ρ is the density of the rigid layer. The negative sign in
eq. 4.1 indicates that the frequency decreases when mass is deposited. The Sauerbrey
model is simple and is widely used in the literature to calculate mass adsorption on a
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QCM crystal surface.15, 16 However, the Sauerbrey model cannot accurately interpret the
frequency and dissipation changes for a system involving viscoelastic materials, and it
underestimates the deposited mass.17
A very thin film (overlayer) can dissipate a significant amount of energy and is
considered viscoelastic in nature.13, 21 For a QCM crystal that is oscillating in a bulk
Newtonian liquid, the energy dissipation at the solid-liquid interface and the resonance
frequency shift of the crystal are functions of the elasticity, viscosity, and the density of
the overlayers.13

Y
h3
h2
h1

Bulk liquid (ρ3, η3)
Layer 2 (ρ2, μ2, η2)
Layer 1 (ρ1, μ1, η1)

0

Crystal (ρ0, μ0)

Z

Figure 4.1 Schematic representation of a quartz crystal microbalance system. The quartz
crystal remains covered with layers of viscoelastic films in a bulk liquid; h is the
thickness, ρ is the density, η is the viscosity, μ is the elastic shear modulus.

Figure 4.2 Schematic of a Voight viscoelastic model. Spring represents elastic and
dashpot represents viscous elements of a polymer.
72

The shift in frequency (Δf) and the dissipation (ΔD) due to viscoelastic mass
deposition on the crystal can be expressed by Voight-Voinova equations, eq (4.3) and eq
(4.4).13 The Voight-Voinova model assumes (a) uniform thickness and density of the
overlayers (i.e. layer 1, layer 2 and bulk liquid in the Figure 4.1.), (b) viscosity of the
overlayers are independent of the overtones, and (c) no-slip conditions.13
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The viscous penetration depth, δ, can be expressed as

=

2



(4.5)

The change in frequency (Δf) and dissipation (ΔD) of a crystal at different
overtones (n) are measured and the Voigt-Voinova equations (eq 4.3 and eq 4.4) are
solved to estimate the thickness, shear elastic modulus, and the shear viscosity of the
overlayers. In this model, for a single harmonic (n) four parameters are unknown and
two parameters, frequency (Δf) and dissipation (ΔD), are known. Therefore, the system is
undefined. However, it is possible to make a unique determination by using two or more
harmonics since each harmonic provides two experimental values (frequency and
dissipation).17, 22 In the viscoelastic model, film thickness and density are frequency
independent properties while the shear modulus and viscosity are assumed to be specific
frequency dependent.22
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In the modelling software, DFind, minimum and maximum estimates for the
viscosity (η), thickness (h), and the shear elastic modulus (μ) are made. This minimummaximum interval forms a grid of coordinates which are used to find the best fit of the
data. From the best fit equation, the thicknesses, shear viscosity, and the shear elastic
modulus were obtained. Surface mass density (mass/surface area) of the overlayers were
calculated by multiplying the thickness with the density of the overlayers. The data of the
frequency and dissipation changes of the crystals were collected via Q-Soft (Biolin
Scientific) and the Sauerbrey and Voight-Voinova viscoelastic modelling was performed
using DFind (Biolin Scientific) software. For this work, it was assumed that the density
of the polymer layer (PGlcEAm or PGalEAm or the polymer brush) was 1050 kg/m3, the
density of the protein layer (RCA or Aβ) was 1100 kg/m3, and the density of the buffer
solution was 1000 kg/m3. The viscoelastic modelling was performed utilizing frequency
and dissipation changes for the overtones, n = 3, 5, 7, 9, 11, and 13. The ΔF and ΔD for
the first overtone (n = 1) were ignored for the viscoelastic modelling, as is commonly
done by others, due to the large amount of noise associated with the first overtone. 20, 23, 24
4.2.2.3 Fluorescence microscopy
Microscopic images of the fluorescein-labelled RCA deposited onto surfaces of
neat and glycopolymer modified QCM crystals were captured via a Leica M165 FC
microscope. The incident light intensity and the exposure time was kept constant for all
the samples.
4.3 Results and discussion
4.3.1 Interaction of RCA 120 with galactose containing glycopolymer
(PGalEAm350)
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Upon the introduction of the PGalEAm350 solution to the QCM crystal, a
decrease in the frequency (ΔF = 15 Hz for n = 3) and an increase in dissipation (ΔD = 4
ppm for n = 3) occurs [Figure 4.3 (A) and (B)]. The change in F and D are attributed to
the polymer mass deposition on the sensor surface and the viscoelastic nature of the
polymer, respectively. Using this method, glycopolymers were deposited on the crystal
surface due to gravitational pull or by the electrostatic interaction between the crystal
surface and the polymers, and polymers deposited in this method typically adopt a
pancake like conformation.25, 26 A decrease in the frequency of 170 Hz during the flow of
RCA is attributed to the strong interaction between the RCA and the galactose containing
polymer leading to a large amount of RCA deposition on the polymer. Interestingly, upon
the introduction of RCA, the dissipation initially dropped and then increased
monotonously as more RCA was introduced (Figure 4.3 B). The initial drop in
dissipation suggests that the viscoelasticity decreased. i.e. rigidity of the overlayers
(polymer-RCA) increased. This is attributed to the release of trapped water from the
glycopolymer pancake, thus collapsing the pancake and compacting the glycopolymer
chains.27 The increase in dissipation, after the initial drop, was due to the deposition of
more RCA and an overall increase in the viscoelasticity of the system. The final buffer
wash did not significantly change the frequency or the dissipation, i.e. the washing did
not significantly remove any of the layers or affect their viscoelasticity. Therefore, the
polymer-RCA layers on the crystal were stable.
Figures 4.4 (A), (B), and (C) show the viscoelastic model of the change in
thickness, shear viscosity, and shear elastic modulus of the overlayers (PGalEAm and
RCA) due to the interaction and deposition of the PGalEAm350 and RCA. The thickness
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of the PGalEAm layer initially increased to 55 nm with the introduction of the polymer
solution (Figure 4.4 A) and then slightly decreased to 50 nm with the continued flow of
polymer which we attribute to the compaction of the polymer layer. The mass of the
deposited PGalEAm polymer was calculated to be 5250 ng/cm2. With the introduction of
the RCA, the thickness initially decreases which we attribute to the further compaction of
the polymer layer and release of trapped water. The observed decrease of the dissipation
during this time indicated the formation of a less viscoelastic or more rigid layer (Figure
4.3 B). After the initial period of RCA flow, the thickness of the overlayers continuously
increased due to the deposition of more RCA on the polymer layer (Figure 4.4 A). The
viscosity (Figure 4.4 B) and the shear elastic modulus (Figure 4.4 C) of the overlayers
increased sharply with the deposition of RCA. It is clear from the modelling results that
the RCA exhibited strong viscoelastic behavior. The mass deposition for RCA could not
be determined via viscoelastic modelling, because it was not possible to correctly
determine the thickness of the RCA layer due to the compaction of polymer layer during
in the initial RCA deposition (20 to 24 min).
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Figure 4.3 QCM-D frequency (A) and dissipation (B) change of the Au crystal during
GalEAm350, RCA and buffer flow through the flow cell. The frequencies and
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dissipations at different overtones (n = 3, 5, 7, 9, and 11) are shown. (flow rate = 50
µL/min, temperature = 25°C)
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Figure 4.4 Thickness (A), shear viscosity (B), and elastic shear modulus (C) of the
adsorbed layers with time estimated by Voight-Voinova viscoelastic modelling with n =
3, 5, 7, 9, and 11, ρpolymer = 1050 kg/m3, ρRCA = 1100 kg/m3.
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Figure 4.5 Schematic diagram of the deposition of PGalEAm350 polymer on Au crystal
followed by RCA deposition. (a) clean gold crystal, (b) polymer deposited on crystal, and
(c) RCA deposited on the galactose polymer (believed to be pancake shaped). Trapped
water gets removed from the pancake and the polymer layers become more compact and
rigid, (d) more RCA deposition on the surface and increased thickness and
viscoelasticity.
4.3.2 Interaction of RCA 120 with glucose containing glycopolymer (PGlcEAm350)
PGlcEAm350 modified surfaces, on the other hand, showed no interaction with
RCA. A 23 Hz drop in frequency (ΔF) (Figure 4.7 A) and 6 ppm increase in dissipation
(ΔD) (Figure 4.7 B) occurs during the flow of the PGlcEAm solution which is attributed
to mass deposition and the viscoelastic nature of the glycopolymer. Using viscoelastic
modelling, the thickness of the polymer layer was found to be 30 nm (Figure 4.8 A)
which corresponds to a mass deposition on 3150 ng/cm2. On the injection of RCA, a drop
of frequency by 45 Hz and dissipation by 4 ppm occurs, which is attributed to the
deposition of RCA on the polymer layer and an increase in the overall rigidity of the
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deposited layers. The overall thickness is decreased by 12 nm (Figure 4.8 A), attributed
to the compaction of the polymer layer or the collapse of the pancake due to the release
of the trapped water. The modulus (Figure 4.8 C) and the viscosity (Figure 4.8 B) of the
overlayers (polymer and RCA) increase sharply with the deposition of RCA which also
indicate the formation of rigid layers on the surface.

(a)

(b)

(c)

Figure 4.6 Schematic diagram of the deposition of GlcEAm350 polymer on Au crystal
followed by RCA deposition. (a) clean gold crystal, (b) crystal with polymer deposited on
it, and (c) RCA deposited on the glucose polymer after trapped water was removed from
the pancake-like structures of the polymer and the polymer layer became compact and
rigid.
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Figure 4.7 QCM-D frequency (A) and dissipation (B) change of the crystal during
GlcEAm350, RCA, and buffer flow through the flow cell. The frequencies and
dissipations at different overtones (n = 3, 5, 7, 9, and 11) are shown. (flow rate = 50
µL/min, temperature = 25°C)
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adsorbed layers with time, estimated by Voight-Voinova viscoelastic modelling with n =
3, 5, 7, 9, and 11, ρpolymer = 1050 kg/m3, ρRCA = 1100 kg/m3
4.3.3 Negative control: interaction of RCA120 with gold coated quartz crystal
As a negative control experiment, RCA120 solution (0.2 mg/mL) was introduced
over a gold coated quartz crystal and the change in frequency (ΔF) and dissipation (ΔD)
of the crystal due to the RCA deposition were monitored. An initial frequency drop of 80
Hz (Figure 4.10 A) and dissipation increase of 3 ppm (Figure 4.10 B) are observed on
RCA introduction. Subsequent buffer wash shows little change in the frequency,
indicating no significant removal of RCA. The small increase in dissipation is attributed
to the penetration of the water molecules into the RCA layer, making it more viscoelastic.
From viscoelastic modelling, the thickness of the RCA layer was found to be 15 nm
which corresponds to a mass deposition of 1650 ng/cm2. The thickness was reduced by 2
nm after the buffer wash.

(a)

(b)

Figure 4.9 Schematic diagram of the deposition of lectin RCA120 on the Au crystal. (a)
clean gold crystal and (b) crystal with RCA deposited on it.
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Figure 4.11 Thickness (A) and shear viscosity (B) of the adsorbed layers with time,
estimated by Voight-Voinova viscoelastic modelling at n = 3, 5, 7, 9, and 11, ρRCA =
1100 kg/m3.
Using the Sauerbrey model (eq 4.1), mass deposition of RCA on the bare crystal
(negative control), PGalEAm350, and PGlcEAm350 deposited crystals is estimated to be
1000, 3050, and 850 ng/cm2 respectively. This confirms that the β-D- galactose
containing glycopolymer exhibits strong affinity towards the RCA, as expected, while the
glucose containing polymer and bare crystal show only non-specific absorption.
4.3.4 Fluorescence microscopic imaging
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Microscopic images of fluorescein labelled RCA deposited onto surfaces of the
neat and glycopolymer modified QCM crystals after the final buffer wash, are shown in
Figure 4.12. RCA deposition is observed in all, as expected, but the intensity varies with
the surface type. The highest fluorescein intensity is observed for the galactose-modified
surface (Figure 4.12 C), followed by the clean Au crystal (Figure 4.12 A), and then the
glucose polymer-modified surface (Figure 4.12 B). The fluorescence intensity mirrors the
trends observed in QCM-D mass deposition experiments.
A

B

C

Figure 4.12 Dissecting microscopic images of the surfaces of fluorescein labelled RCA
deposited on (A) Au crystal, (B) Glucose polymer modified Au crystal, and (C) galactose
polymer modified Au crystal. Scale = 500 µm.
These model studies involving the glycopolymers and RCA established that the
surface immobilized (deposited) β-galactose containing polymers exhibited a strong
affinity, as anticipated, towards RCA. Therefore, QCM was confirmed as a reliable
technique to determine the interaction and affinity of Aβ with the surface grafted
glycopolymers.
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4.3.5 Glycopolymer brush-Aβ interaction
Covalently attached glycopolymers of thickness 90 nm were synthesized on SiO 2
coated QCM crystal surfaces via photopolymerization as outlined in Chapter III.
Frequency or dissipation of the glycopolymer grafted crystals did not change
significantly as the Aβ was pumped through the QCM cells (Figure 4.13 A, inset). As the
flow of the Aβ was stopped and held for 24h, the frequency increased, and the dissipation
decreased slowly but steadily. The negative control experiments involving the neat brush
and the buffer solution (without Aβ) showed similar change in frequency and dissipation
with time (Supporting information, Appendix C, Figure C.3).
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Figure 4.13 QCM-D frequency (A) and dissipation (B) change of PGlcEAm polymer
immobilized QCM crystal during its interaction with Aβ. The frequencies and
dissipations at different overtones (n = 3, 5, 7, 9, and 11) were plotted. (flow rate = 50
µL/min, temperature = 25°C)
It has been reported that QCM-D measured protein adsorption on polymer
brushes decreases as the brush thickness, or polymer molecular weight, increases.28-31
Luan et al.28 investigated the effect of PHEMA brush thickness on QCM-D frequency
and dissipation changes during the adsorption of the protein fibrinogen on the brush.
They found that the change in frequency and dissipation was dependent on the thickness
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of the brush, and as the thickness increased, the changes in F and D decreased. For the
experiments using brush thicknesses of 20, 40, and 90 nm, the maximum F and D
changes were observed for the 20 nm thick brush-protein system while almost no change
in F and D was observed for the 90 nm thick brush-protein system. This observation led
to the hypothesis of the existence of a critical brush thickness above which the QCM
sensors cannot detect the events occurring on top of the brush and hence F and D do not
change (referred as ‘hearing loss’).28 To understand the phenomenon more clearly, Luan
et al. considered the polymer brush layer as a system of many sub-layers which can slip
with respect to one another when a stress is applied, such as shear stress in QCM-D.
Slippage between the sub-layers is viscosity dependent, and when the viscosity is low,
the friction between the layers is reduced and the slippage is increased and vice-versa. As
the protein is adsorbed at the top of the polymer brush, the oscillation of the topmost
layer is modulated first, and the effect is then transmitted through the layers and
ultimately reaches the sensor crystal. The effect is gradually attenuated during the
transmission, and if the viscosity of the adsorbed layer on the polymer brush is low
enough, then the signal may be completely attenuated by the time it reaches the sensor. In
this case, the sensor does not respond to the mass deposition by changing its frequency.
We assume that a similar phenomenon is occurring in our system, and for that reason the
A interactions are not detected for the 90 nm thick glycopolymer brushes.
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Figure 4.14 Schematic illustration of adsorption of small proteins on a polymer brush
surface.
4.4 Conclusions
Deposition of lectin RCA on the quartz crystals modified by deposited and
surface grafted glycopolymer layers was investigated via QCM-D and fluorescence
microscopy. Selective interaction of RCA on the β-galactose containing polymer,
PGalEAm, was established in thin glycopolymer films formed by solution deposition. No
clear interaction was observed between the covalently attached glycopolymer brushes of
90 nm thickness and the Aβ, attributed to the attenuation effects of the long brush.
Modified experiments with shorter brushes are described in Chapter V.
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CHAPTER V – SYNTHESIS OF SHORT GLYCOPOLYMER BRUSHES VIA RAFT
AND INVESTIGATION OF THEIR EFFECT ON Aβ AGGREGATION
5.1 Introduction
The thickness of polymer brushes restricts their use for protein sensing via the
QCM-D technique. It has been reported that the detection of protein adsorption on
polymer brushes decreases as the brush length increases,1, 2 and, after a certain critical
length, the QCM cannot detect deposition of a protein on a brush surface. 3 For a
poly(hydroxyethyl methacrylate) (PHEMA) brush of thickness 90 nm, the QCM-D
technique was unable to detect interactions between the brush and fibrinogen (protein)
although the fibrinogen deposition was proven by surface plasmon resonance (SPR).3
However, the QCM technique detected the mass deposition and interaction of the
PHEMA brush and fibrinogen when the thickness of the brush was only 20 nm. This
observation has led to the hypothesis of the existence of a critical thickness of the brush
above which the QCM crystal does not respond to the mass deposition by changing its
resonance frequency and dissipation.3 Our surface photopolymerized glycopolymer brush
of 90 nm thickness did not show any interaction with the Aβ peptide when investigated
via QCM-D. Therefore, short brushes of 10 nm thickness were synthesized on silicon
dioxide coated QCM crystal surfaces and were utilized to investigate the effect of
saccharide structure on Aβ interaction and aggregation. We hypothesize that the QCM
will be able to detect interactions, if any, between the glycopolymer brushes of 10 nm
thickness and Aβ peptide at 20 µM concentration when allowed to interact at 37 °C.
Short polymer brushes of a target thickness can be synthesized via controlled
polymerization techniques such as surface-initiated atom transfer radical polymerization
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(SI-ATRP) or reversible addition chain transfer (RAFT) polymerization. SI-ATRP has
been widely used for the synthesis of glycopolymer brushes from the surface of silicon
wafers.4, 5 In this technique, an ATRP initiator is first immobilized on the surface, and
then polymerization of monomers is carried out in the presence of a sacrificial initiator. 5-7
The polymers formed in the solution are characterized and are widely accepted as
representative of the polymer formed on the surface. 5, 6, 8 One of the disadvantages of the
SI-ATRP technique is the removal of the metal catalyst from the polymer; complete
removal of the catalyst is a challenge. 9 Removal of metal catalyst is essential especially
when the polymer is utilized for studies involving proteins, because the metal catalyst can
affect the protein interaction; for example, Cu++ has been reported to reduce the lag time
and increase the rate of Aβ aggregation.10-12
In contrast to ATRP, the reversible addition-fragmentation chain transfer
polymerization (RAFT) mechanism does not require the use of a metal catalyst.
Therefore, a polymer synthesized via RAFT does not contain metal ions as impurities.
RAFT polymerization has been used to synthesize well-controlled polymer brushes from
a variety of surfaces made of polymeric materials, 13-15 gold,16, 17 or silica/silicon.18, 19
Most commonly the polymerization strategy in these cases involved immobilizing a
RAFT agent (chain transfer agent, CTA) on the surface and addition of an initiator in the
solution,13, 17, 19, 20 but the opposite case has been reported.15, 18 Surface-initiated RAFT
polymerization by immobilizing an initiator (such as an azo initiator) on a surface and
adding a free RAFT agent in the solution was successful only when an excess of free
initiator was added to the solution.18 A RAFT agent can be immobilized on a surface
either by its R group (free radical leaving group) or by its Z group (non-leaving group
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which controls the reactivity of the C=S bond). Attachment through the R group leads to
the detachment of the RAFT agent during polymerization and a controlled growth of
brushes can only be achieved for a very low conversion. 19 Additionally, the R-group
attachment method allows for the termination of two macroradicals on the surface,
resulting in the loss of RAFT agents.20 In contrast, in the Z group approach, RAFT agents
always remain covalently attached to the surface and no thiocarbonylthio group is lost
during polymerization. However, in the Z-group approach, transfer of the macroradical to
the RAFT agent takes place close to the surface (grafting onto method), and, with the
increase in brush length, the RAFT agent might be less and less accessible due to steric
reasons.20 Consequently, the Z-group approach may lead to the termination of
polymerization and limit the brush growth.21 Stenzel et al. utilized a Z-group approach to
synthesize well-controlled thermoresponsive glycopolymer brushes on silicon wafer
surfaces.20 One significant advantage of the Z group approach is that the polymer can be
easily cleaved from the surface using a nucleophile, and the cleaved polymers can then be
utilized for analytical characterization in solution. 22
We utilized the Z-group approach to immobilize a RAFT agent on the surfaces of
silicon wafers and silicon dioxide coated QCM crystals and synthesized glycopolymer
brushes of target thickness (10 nm) following the procedure reported by Stenzel et al.20
Polymers formed in the solution during the surface polymerization were assumed to be
representative of the polymers formed on the surface and were characterized for their
molecular weight.
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5.2 Materials and methods
5.2.1 Materials
The galactose and glucose-containing glycomonomers were synthesized via the
procedure reported in Chapter II. The RAFT chain transfer agent (CTA), 3benzylsulfanylthiocarbonyl sulfanylpropionic acid (BSPA) and its acyl chloride
derivative 3-benzylsulfanylthiocarbonyl sulfanylpropanoyl chloride (BSPC) were
synthesized following the procedure reported by Stenzel et al. 23 The surface modifier 3aminopropyl trimethoxysilane (APTMS), 4,4′-azobis(cyano-pentanoic acid) (V-501) and
other chemicals and solvents were obtained from Sigma-Aldrich in their highest purity
available.
5.2.2 Polymer grafting on surface
Silicon wafer surfaces (1 cm X 1 cm) were cleaned via sonicating in toluene,
acetone, and ethanol (10 min each) and then dried with a stream of nitrogen. The clean
wafers were treated with UV-ozone for 10 min and were immersed in a solution of
APTMS (5 vol% in toluene) in test tubes. The test tubes were heated at 60 °C for 1 h in
an oil bath, and the wafers were washed with toluene, acetone, and ethanol. The thickness
of the modification layer was measured by ellipsometry and the water contact angle of
the surfaces were measured. The same procedure was followed for the silicon dioxide
coated QCM crystal surfaces except the initial washing was done with SDS solution (2 %
v/v in water) and ethanol and sonicated for 30 s in each solution.
The APTMS-immobilized surfaces were immersed in a solution of 3benzylsulfanylthiocarbonyl sulfanylpropanoyl chloride (5 % v/v) in chloroform. A few
drops of triethyl amine (3-4 drops per 1 mL of solution) were added in the solution and
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the reaction proceeded for overnight (16 h) at room temperature in the dark while shaking
on a shaker plate. The RAFT agent immobilized surfaces were rinsed with chloroform
and ethanol. The thickness of the RAFT agent layer and the water contact angle of the
surfaces were measured by ellipsometry and goniometry respectively.
The grafting of the glucose or galactose containing glycopolymers on the surfaces
was performed by immersing the RAFT agent immobilized surface (wafer or crystal) in a
solution of a glycomonomer (1.0 M), initiator (V-501), RAFT agent, and an internal
standard, benzene sulfonic acid (BSA). The monomer and the BSA were dissolved in an
acetate buffer solution of pH 5.0, and the V-501 and RAFT agent were dissolved in
ethanol. The small amount of ethanol present in the reaction medium was not expected to
affect the RAFT polymerization reaction.20 The ratio of the monomer to RAFT agent and
the RAFT agent to initiator was 500:1 and 5:1, respectively. Five to six test tubes, each
of which contained a CTA immobilized wafer surface and the polymerization mixture,
were prepared and sealed with a rubber septum. Each test tube was purged with highly
pure N2 for 15 min, and then the polymerization was carried out at 70 °C for a
predetermined time at which the polymerization reaction was stopped by opening the
septum. The surfaces were washed well with DI water and then dried with nitrogen, and
the thickness and the water contact angle of the glycopolymer films on the surfaces were
measured by ellipsometry. The solution of each test tube was characterized via 1H NMR
spectroscopy to determine the monomer conversion
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Scheme 5.1 Surface polymerization of a glycomonomer (GlcEAm) from a silicon wafer
and SiO2 coated QCM quartz crystal surfaces via the Z-group approach of RAFT
polymerization

From the kinetic studies, the time required to synthesize surface grafted
glycopolymer films of 10 nm on silicon wafer surfaces was determined. The same
reaction conditions were used for the synthesis of glycopolymer films on silicon dioxide
coated QCM crystals. Glycopolymer films of ~10 nm thickness were prepared on the
crystals by terminating the reactions at the predetermined time of 2 h.
5.2.3 Characterization
Nuclear magnetic resonance (NMR) spectroscopy was performed with a Varian
MercuryPLUS (300 MHz) spectrometer by taking an average of 128 scans (delay 5 s)
using appropriate solvents (CDCl3 or D2O).
Water contact angle on the surfaces of the unmodified and modified wafers and
SiO2 coated quartz crystals were measured after each step during the initiator
immobilization and the glycopolymer synthesis. The contact angle was measured using a
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Rame-Hart 200-00 Std. Tilting B goniometer. A 6 μL water droplet was added to the
surface and the average of three measurements was reported.
Thickness was measured using a Gaertner Scientific Corporation LSE Stokes
ellipsometer with a 632.8 nm laser at a 70° incident angle. The refractive index of 3.85
was used for wafers and silicon dioxide coated quartz surfaces and 1.46 was used for
initiator and glycopolymer films.
X-ray photoelectron spectroscopy (XPS) analysis of the glycopolymer grafted
surfaces was performed using a Thermo Scientific ESCALAB Xi+ X-Ray Photoelectron
Spectrometer employing monochromatic Al-Kα radiation (1486.6 eV). A surface area of
650 µm × 600 µm was analyzed under ultra-high vacuum. For the XPS survey, 5 scans
were taken at a pass energy of 215 eV, dwell time of 10 ms, and an energy step size of
1eV. High-resolution scans (3 scans) were performed using pass energy of 20 eV, 50 ms
of dwell time, and 0.1 eV of energy step size. The XPS spectra were deconvoluted via
non-linear Gaussian curve fitting using Origin Pro 8 software.
AFM imaging for the neat and modified silicon wafers and SiO2 coated QCM
crystals was performed with a Dimension Icon (Bruker) instrument in tapping mode
following the procedure described in Chapter III.
5.2.4 Quartz crystal microbalance with dissipation monitoring (QCM-D)
Glycopolymer grafted QCM crystals were mounted on a flow cell of a QCM-D
instrument and Tris buffer (10 mM, pH = 8.0, 0.01 % (w/v) of sodium azide) was
pumped through the cell until a stable baseline was obtained. Aβ peptide solution of 20
µM concentration was allower to flow for a period of 20 min and a buffer wash was
performed. A flow rate of 10 μL/min was maintained whenever a solvent/solution was
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flowing through the QCM cell and a constant temperature of 37 °C was maintained
throughout the experiment. The time-resolved frequency and dissipation changes were
recorded using Q Soft software (Biolin Scientific). Mass deposition of Aβ was calculated
using a Sauerbrey model24 with DFind software (Biolin Scientific). The density of the Aβ
monomer was assumed to be 1.1 g/cm3.
5.3 Results and discussion
5.3.1 Grafting of APTMS and CTA on silicon wafer and SiO2 coated crystal surfaces
The thickness of the APTMS layer on the silicon wafer surfaces is 12 ± 4 nm,
which is higher than the previously reported value by Stenzel et al. 20 We believe this
higher thickness is due to the presence of moisture/water in the solvent, glassware, and in
the reaction medium which resulted in the formation of multilayers of crosslinked silane
layers, rather than a monolayer.26, 27 The CTA (RAFT agent) was immobilized by
reacting BSPC with the APTMS modified surface. The thickness of the CTA
immobilized layer is 4 ± 1 nm which is consistent with the previously reported CTA layer
thickness by Stenzel et al. The water contact angle of the amino-functionalized surfaces is
47° ± 3° which increases to 77 ± 2° on CTA grafting due to the increased hydrophobicity
of the surfaces (Figure 5.1). The contact angle values are consistent with the previously
reported literature values.20
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Figure 5.1 Water contact angles after different stages of surface modification. UV-ozone
treated (a1, a2), APTMS (b1, b2), CTA (c1, c2), and PGlcEAm (d1, d2) grafted silicon
wafer and SiO2 coated QCM crystal surfaces.

The micro and nanoscale structures of the APTMS and CTA grafted on silicon
wafer and silicon dioxide coated QCM crystal surfaces were investigated via atomic force
microscopy (AFM). Figure 5.2 shows height images of bare, APTMS, and CTA grafted
surfaces. The bare surfaces are smooth with low RMS roughness. The surfaces become
non-uniform and rough after APTMS attachment which indicates the surfaces were not
fully covered. AFM images of the CTA grafted surfaces are not significantly different
from the APTMS grafted surfaces; therefore, we are unable to determine whether the
CTA grafting was achieved on the surfaces using that technique. However, the contact
angle measurement (Figure 5.1) indicates the presence of CTA on the surfaces due to the
change from 45° ± 2° to 79° ± 2°.
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Figure 5.2 AFM height images of the bare (A1, A2), APTMS (B1, B2), and CTA (C1,
C2) grafted silicon wafer and SiO2 coated QCM crystal surfaces. A1: RMS roughness =
0.2 nm, B1: RMS roughness = 4.1 nm, thickness = 12 ± 4 nm, C1: RMS roughness = 3.2
nm, thickness = 4 ± 1 nm. A2: RMS roughness = 0.9 nm. B2: RMS roughness = 3.0 nm,
thickness = 7 ± 2 nm. C2: RMS roughness = 3.6 nm, thickness = 5 ± 1 nm. RMS
roughness was obtained from AFM height image and the thickness was determined via
ellipsometry. Scan size = 1 µm, scale bar = 200 nm.

5.3.2 Glycopolymer synthesis on the silicon surfaces
The polymerization of both glycomonomers in solution and on the surfaces
follows pseudo-first-order kinetics (Figure 5.3) which indicates the presence of a constant
number of radicals on the surfaces and in the solution. The linear increase of the
thickness of the glycopolymer films with monomer conversion (Figure 5.4) reveals the
controlled nature of the polymerization from the surfaces. The glycopolymer film
thickness varies from 10 to 25 nm, depending on the monomer conversion and the
reaction time. It is commonly accepted in literature that the molecular weight and the
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polydispersity of the polymers produced in solution during a surface polymerization are
comparable to the polymers grown from the surface.6, 8, 20 PGalEAm and PGlcEAm
grafted films of 10.2 nm and 10.6 nm thickness, respectively, were obtained on silicon
dioxide coated quartz crystals after a 2 h polymerization reaction during which the
monomer conversion in solution was found to be 16.4 % and 10.3 %, respectively. This
corresponds to a theoretical (NMR) molecular weight of 23000 g/mol and 14700 g/mol
and degree of polymerization of 82 and 52 for PGalEAm and PGlcEAm polymers,
respectively. Assuming the molecular weight of the polymers in solution is the same as
the molecular weight of the polymers attached to the surface, the grafting density of the
surface immobilized polymers, σ, can be calculated by using equation (1).20, 28, 29
𝜎 =

ℎ𝜌𝑁𝐴
𝑀𝑛

(1)

where h is the thickness of the glycopolymer film, ρ is the bulk density of the film
(assumed to be 1.05 g/cm3 for simplicity), NA is Avogadro’s number, and Mn is the
molecular weight of the grafted polymer which was assumed to be same as the molecular
weight of the polymer formed in the solution. The glucose polymer grafted surface was
estimated to have higher grafting density (0.45 chains/nm2) than the galactose polymer
grafted surface (0.28 chains/nm2). We hypothesize that the difference in the grafting
density is due to the participation of different numbers of CTA molecules in the
polymerization reaction which we believe is due to the (i) difference in the total number
of CTA molecules present on the surfaces, (ii) difference in the steric effect exerted by
the glucose vs galactose containing glycomonomers making some of the CTA nonavailable for the reaction, and/or differences in intramolecular hydrogen bonding in the
glucose and galactose monomers. More CTA is believed to have participated in the
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surface polymerization involving glucose than that for galactose.

Previously, Pfaff et al.

reported a grafting density of 0.35 chains/nm2 for galactose containing glycopolymers,
poly(6-O-methacryloyl-1,2:3,4-di-O-isopropylidene-galactopyranose, (PMAIGal),
grafted on the surfaces of poly(divinylbenezene) (PDVB) via RAFT polymerization.30
The conformation of graft polymer chains on a surface depends on the grafting density. 31,
32

For the low-grafting density of the galactose polymers on surface, we believe the graft

chains remain either as a single chain or a cluster of a few chains, thus forming a
mushroom-like structure with coil dimensions.31 The higher grafting density of the
glucose polymers suggest that the chains are stretched away from the surface and are
likely in brush-like conformation.31, 32
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Figure 5.3 Monomer conversion in solution during the surface polymerization reaction
and the corresponding thickness of the PGalEAm (A) and PGlcEAm (B) films on wafer
surfaces.
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Figure 5.4 Monomer conversion vs thickness plots for PGalEAm (A) and PGlcEAm (B)
films. A linear increase of film thickness with monomer conversion indicates the
controlled nature of the surface polymerization.
The water contact angles of the PGlcEAm and PGalEAm- modified surfaces are
69 ± 2° and 72 ± 2°, respectively, which is slightly lower than that of the CTA
immobilized surfaces (Figure 5.1). The galactose containing film, PGalEAm exhibits
higher water contact angle than the glucose-containing film, PGlcEAm, which is
attributed to the difference in the hydrogen bonding pattern of the pendant glucose and
galactose of the glycopolymers. We hypothesize that the galactose forms stronger intra
molecular H-bonds than the glucose. Therefore, the galactose containing film weakly
binds with water and exhibits higher water contact angle.
5.3.3 XPS analysis of the polymer grafted surfaces
Figure 5.5 (A), (B), and (C) shows the XPS survey, O1s, and C1s spectra,
respectively, of a 10 nm thick PGalEAm film on a silicon wafer. The C1s spectrum of the
galactose film was resolved into four spectra which confirm the presence of carbon atoms
corresponding to C=C (283.8 eV), C-C (284.9 eV), C-O-C (286.7 eV) and C=O/ O-C-O
(288.0 eV) functional groups. The characteristic peak at 286.7 eV confirms the presence
of the saccharide groups in the film.33 As expected, peaks corresponding to other
elements and functional groups of the silicon wafer surface, APTMS, CTA, and
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glycopolymers appear at their appropriate binding energies. 33-36
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Figure 5.5 High-resolution XPS spectra of 10 nm thick glycopolymer (PGalEAm) film
grown on silicon wafers. (A) XPS survey scan, (B) C1s spectra, and (C) O1s spectra with
the corresponding fitting of different components.
5.3.4 AFM imaging of the glycopolymer grafted surfaces
Figures 5.6 (A), (B), and (C) show AFM tapping mode height images of bare
silicon wafer and SiO2 coated crystal surfaces (control surfaces), PGalEAm, and
PGlcEAm grafted films on the surfaces. The bare surfaces are smooth with a very low
rms roughness (0.2 nm for wafer and 0.9 nm for crystal). The surfaces became rough
after the polymer was grafted on the surface. AFM height images of PGalEAm (Figure
5.6 B) and PGlcEAm grafted surfaces (Figure 5.6 C) do not show clear differences
between the grafted surface. The grafting density calculations suggest that the galactose
polymers adopt a collapsed (mushroom) conformation on the surface, but the glucose
polymers adopt an extended (brush) conformation.
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Figure 5.6 AFM height images of bare (A1, A2) , GalEAm grafted (B1, B2) (), and
GlcEAm grafted (C1, C2) silicon wafer and SiO2 coated QCM crystal surfaces. A1:
RMS roughness = 0.2 nm, B1: thickness = 11.5 ± 0.5 nm, RMS roughness = 1.1 nm C1:
thickness = 12.3 ± 1.2 nm, RMS roughness = 1.7 nm. A2: RMS roughness = 0.9 nm, B2:
thickness = 10.4 ± 0.2 nm, RMS roughness = 1.0 nm, C2: thickness = 10.6 ± 1.2 nm,
RMS roughness = 1.2 nm. RMS roughness was obtained from AFM height image and the
thickness was measured via ellipsometry. AFM scan size = 1.0 µm and scale bar = 200
nm.

(a)

(b)

Figure 5.7 Schematic representation of PGalEAm mushroom (a) and PGlcEAm brush (b)
on the surfaces of the silicon wafer and silicon dioxide coated crystals.

The thicker (90 nm) surface grafted glycopolymer brushes prepared via UVphotopolymerization (Chapter III) appear to be more uniform (AFM images, Figure 3.5
vs Figure 5.6) and have higher grafting density than the short (10 nm) brush prepared via
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RAFT polymerization. This suggests that the initiator molecules of the surface-initiated
UV-polymerization were more densely grafted and most of them participated in the
polymerization versus the CTA in the RAFT polymerization reaction.
5.3.5 Aβ interaction with glycopolymer grafted surfaces investigated via QCM-D
Figure 5.8 shows the change in frequency and dissipation of control (SiO2 coated
crystal) and glycopolymer grafted QCM crystals during their interaction with Aβ
monomers. A stable baseline was first obtained with tris buffer solution, followed by a
solution of Aβ monomer, with a buffer wash at the end.
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Figure 5.8 Frequency (A, B, and C) and dissipation (a, b, and c) shift due to the Aβ
interaction with the bare SiO2 crystal (control) (A, a), GalEAm film of 10.4 nm thickness
(B, b), and GlcEAm film of 10.6 nm thickness (C, c). [Tris buffer pH 8.0, Aβ conc = 20
µM, temp = 37 °C, flow rate = 10 µL/min.]
The frequency decreases as the Aβ met with the pristine SiO2 coated crystal
(control) or the glycopolymer grafted crystals. The frequency drop is the highest for the
glucose polymer grafted surface (9.5 Hz for n = 3) followed by the galactose polymer
grafted surface (6 Hz) and the control surface (3.5 Hz). Using the Sauerbrey model, the
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Aβ mass deposition on the control, PGalEAm, and PGlcEAm film surfaces was
calculated to be 60, 120, and 180 ng/cm2 respectively. The increased deposition of Aβ on
the glycopolymer surfaces is attributed to the stronger interaction of glycopolymers with
Aβ through their hydrophilic saccharide units and hydrophobic backbone. The mass of
Aβ deposited on PGlcEAm grafted surface is 1.5 times higher than that on the PGalEAm
surface. Because the PGlcEAm and PGalEAm surfaces have approximately the same
number of saccharide units (glc/gal ratio = 1.02) (calculation: Supporting information,
Appendix D), we attribute the higher amount of Aβ deposition on the PGlcEAm surface
to the stronger interaction exerted by the glucose units.
On buffer wash, the frequency was increases by 0.5, 1.5, and 1.3 Hz for glucose,
galactose grafted, and control surfaces respectively. The increase is attributed to removal
of loosely bound Aβ washed from the surface. The smallest amount is removed from the
glucose polymer grafted surface, indicating stronger Aβ interaction with the glucosecontaining polymer. The dissipation changes during the Aβ flow and the buffer wash for
all three cases is insignificant. This is attributed to the weak viscoelastic nature of the
short-chain polymers.

Figure 5.9 Surface mass density of Aβ determined via the Sauerbrey model for overtone
n = 3. (A) Aβ deposition on bare silicon dioxide coated crystal, (B) Aβ deposition on
PGalEAm grafted surface, and (C) Aβ deposition on PGlcAm grafted surface.
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5.3.6 Aβ aggregation investigated via AFM
Morphology of aggregated structures formed by the Aβ in the presence of the
glycopolymer grafted surfaces were evaluated via atomic force microscopy (AFM). SiO 2
coated surfaces without any polymer (control surface) and the glycopolymer grafted
surfaces were incubated with Aβ monomer (20 µM in tris buffer, pH 8.0) at 37 °C for 72
h. The surfaces were then rinsed three times with 150 µL of buffer, dried with N 2, and
imaged via AFM tapping mode. Figure 5.10 shows height and amplitude images of
aggregated structures of Aβ on the control, galactose, and glucose polymer grafted
surfaces. Fibrillar structures of Aβ are observed on all the three surfaces. This
observation supports our findings reported in Chapter II involving A aggregation in
solutions of glycopolymers, where fibrils were formed in the presence of low molecular
weight polymers containing both glucose and galactose. Only the high molecular weight
glucose-containing polymer promoted formation of oligomers. It is possible that the
short chain grafted polymers do not provide a great enough density of glucose monomers
to promote the oligomer formation. It is also possible that in the grafted systems, the
fibrils formed in the solution above the polymer brushes and simply deposited on the
surface. It is also possible that fibrils formed in solution seeded the formation of more
fibrils. Further studies are required to quantify the oligomer and fibril formation in the
grafted systems.
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Figure 5.10 Tapping mode AFM height (A, B, and C) and amplitude (a, b, and c) images
of Aβ aggregated structures formed on a silicon wafer (A, a), PGalEAm grafted (B, b),
and PGlcEAm grafted (C, c) wafer surfaces. (scan size = 2 µm, scale = 400 nm)
5.4 Conclusions
The glycopolymer grafted films of 10 nm thickness were prepared on silicon
surfaces via RAFT polymerization. The glucose polymer exhibited higher grafting
density and adopted a brush conformation while the galactose polymer had lower grafting
density and adopted a mushroom conformation. QCM-D studies indicated that Aβ bound
more strongly with the glucose polymers than with the galactose polymers. However, it is
not possible to fully and quantitatively compare the results because of the low grafting
density with the RAFT synthesis. Incubation of A solutions on silicon wafers grafted
with glycopolymers showed formation of fibrils for both types of glycopolymers,
however it was not possible to quantify the concentration of fibrils and soluble
aggregates. It is not clear if fibril formation occurred because of the low molecular
weight of the grafted polymers or if it was related to experimental conditions. A thermal
free radical surface polymerization can be attempted to synthesize polymer brushes to
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investigate the effect of grafting density, thickness, and saccharide structure on the A
aggregation.
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CHAPTER VI CONCLUSIONS AND FUTURE WORK
6.1 Conclusions
Glycopolymer mimics of the clustered saccharides of gangliosides were
synthesized in solution and grafted from solid surfaces. The polymers were utilized as in
vitro models to investigate the effect of saccharide structure and concentration on peptide
Aβ aggregation. The kinetics of aggregation and the size and morphology of the
aggregates were investigated via a series of biochemical and advanced analytical
techniques.
The key accomplishments of the research are as follows:
1. Acrylamide

based

glycomonomers,

2-(β-D-glucosyloxy)ethyl

acrylamide

(GlcEAm) and 2-(β-D-galactosyloxy)ethyl acrylamide (GalEAm) containing β-Dglucose and β-D-galactose as pendent groups, respectively, were synthesized. The
monomers exhibited high stereospecificity.
2. Glycopolymers, PGlcEAm and PGalEAm, and a control polymer, polydimethyl
acrylamide (PDMA) of target molecular weights (degree of polymerization of 35
and 350) were synthesized in solution by aqueous reversible addition fragmentation
chain transfer (RAFT) polymerization. Surface grafted glycopolymer films of high
and low thickness were synthesized via photopolymerization and RAFT. Although
identical polymerization conditions were employed, the glucose-containing graft
polymer yielded a high grafting density and a brush-like architecture, while the
galactose-containing graft polymer demonstrate a low grafting density and
mushroom architecture. The glycopolymers mimic the glyco-clusters of
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gangliosides in raft-like membranes of neuronal cells. Therefore, the model
polymers possess high biological relevance.
3. The effect of the glycopolymers on the kinetics of Aβ aggregation and the size of
the aggregates was investigated via ThT fluorescence spectroscopy and
polyacrylamide gel electrophoresis (PAGE) techniques. The rate of aggregation of
Aβ monomers was faster in the presence of high molecular weight glucose
containing polymers (PGlcEAm350) and the ultimate aggregates were smaller in
size (oligomers). Aβ aggregation was not affected by other polymers
(PGalEAm350, PGalEAm35, PGalcEAm35, PDMA35, and PDMA350), and the
final aggregated structures were large (fibrils). QCM studies showed significantly
higher levels of Aβ deposition on the glucose polymer grafted surface (roughly
1.5 times that of the galactose polymer grafted surface), and the peptide remained
tightly bound to the glucose containing polymer surface after extensive buffer
washing. AFM imaging of silicon wafers incubated with Aβ solutions indicated
formation of fibrils in the presence of neat, glucose polymer, and galactose
polymer grafted surfaces.
The Aβ aggregation kinetics and the size, structure, and morphology of the aggregates in
the presence of the glycopolymers in solution agree well with the results obtained using
glycopolymer grafted surfaces. In brief, it is concluded that the high molecular weight
glucose containing polymers which mimic glucose clusters of gangliosides promote the
formation of highly toxic Aβ oligomers, and the high molecular weight galactose
polymer resembling galactose ganglioside clusters promote the formation of less toxic
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fibrils. Therefore, we believe that the ganglioside saccharide structure and
stereochemistry may have influence on the progression of a Alzheimer’s disease.

6.2 Recommendations for future work
1. Isolation of aggregates at different time points during the incubation of the Aβ
monomers with glycopolymers would be an important next step in this project.
This would allow for the determination of the stability and structural transition of
the aggregates and whether one type of aggregate leads to the other (if oligomers
lead to fibrils or vice-versa). This will determine if the aggregation process is
“on” or “off” pathway. Additionally, aggregates can be analyzed for their
secondary structures via circular dichroism (CD).
2. Investigation of Aβ aggregation in the presence of low (DP 35) and high (DP 350)
molecular weight glycopolymers while keeping the total saccharide concentration
the same in the reaction medium. To achieve this balance of saccharide groups,
the molar concentration of 35 DP polymer needs to be 10 times higher than the
molar concentration of 350 DP polymer. The results can be compared with the Aβ
aggregation results we obtained (Chapter II) and will establish if the difference in
Aβ aggregation and structure formation was due to the difference in the overall
concentration of saccharides or due to the difference in molecular weight of the
polymers (i.e. local concentration of saccharides).
3. The head group of gangliosides contain N-acetyl-D-galactosamine and sialic acid
in addition to the glucose and galactose. The effect of sialic acid on Aβ
aggregation has been studied, but there are very few reports on the effect of N115

acetyl-D-galactosamine on Aβ aggregation. An acrylamide based glycomonomer
with N-acetyl-D-galactosamine as a pendant group can be synthesized via
literature procedures.1, 2 Controlled glycopolymers with target molecular weights
can be synthesized via an aqueous RAFT polymerization technique as has been
described for glycopolymer synthesis in our current research. This would
complete the studies of the effects of the individual saccharides of a ganglioside
head group on Aβ aggregation.
4. Further efforts to quantify fibril vs oligomer formation in the presence of polymer
brushes should be undertaken, perhaps via SPR.
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Rapid Communications, 2000, 21(11), 764-769.
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APPENDIX A - SUPPORTING INFORMATION FOR CHAPTER II

(A)
1H

NMR (300 MHz, CDCl3)
AcGalEAm

CDCl3

Figure A.1 1H NMR spectrum of acetylated (protected) galactose containing
glycomonomer, AcGalEAm.
(B)
1H

NMR (300 MHz, D2O)
GalEAm

HDO

Figure A.2 1H NMR spectrum of deacetylated (deprotected) galactose containing
glycomonomer, GalEAm.
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(A)
1H

NMR (300 MHz, CDCl3)
AcGlcEAm

Figure A.3 1H NMR spectrum of acetylated (protected) glucose containing
glycomonomer, AcGlcEAm.
(B)
1H

NMR (300 MHz, D2O)
GlcEAm

Figure A.4 1H NMR spectrum of deacetylated (deprotected) glucose containing
glycomonomer, GlcEAm.
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(A)

m/z: 445 + 23 (Na+)

(B)

m/z: 277+ 23 (Na+)

m/z: 445 x 2 + 23 (Na+)

Figure A.5 ESI-MS spectra of (A) acetylated (protected) glucose containing
glycomonomer, AcGlcEAm and (B) deacetylated (deprotected) glucose containing
glycomonomer, GlcEAm.

Figure A.6 FTIR spectra of GlcEAm.
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(A)
Commercially available Dglucose is a mixture of α and
β anomers. α-is more stable.
α

α-D-glucose

β-D-glucose

β

(B)

β

β-D-GlcEAm

α

Figure A.7 1H NMR spectra of (A) commercially available D-glucose and (B)
glycomonomer, GlcEAm.

α-anomer

β-anomer

Figure A.8 A proposed reaction mechanism for the synthesis of stereospecific saccharide
containing glycomonomers.
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4-cyano-4-(ethylsulfanyl thiocarbonyl)
sulfanyl pentanoic acid (CEP)

Figure A.9 Synthesis scheme of the RAFT chain transfer agent, 4-cyano-4-(ethylsulfanyl
thiocarbonyl) sulfanyl pentanoic acid (CEP).

1H NMR, 300 MHz (CDCl 3)
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Figure A.10 1H NMR spectrum of the chain transfer agent, CEP.
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Figure A.11 1H NMR spectrum of glycopolymer, PGlcEAm.
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Figure A.12 GPC traces for poly(dimethyl acrylamide), (PDMA) of the degree of
polymerization (DP) 35 and 350.
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Figure A.13 ThT fluorescence intensity of Aβ aggregates with incubation time. Aβ
incubated with polymers of DP 350. Control = neat Aβ.
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APPENDIX B – SUPPORTING INFORMATION FOR CHAPTER III

1
Irgacure 2959 (1)
4

3
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1
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Allyloxy-HPP (3)
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45
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Figure B.1 1H NMR spectra of UV photoinitiator, Irgacure 2959 and allyloxy -HPP.

HPP-trichlorosilane (4)

1

9
2

3

4,5,6

Figure B.2 1H NMR spectra of HPP-trichlorosilane.
124

7,8

GlcEAm
(monomer)

UV light
Initiator modified
wafer surface

PGlcEAm brush

GlcEAm
UV light
SiO2 coated
QCM crystal

PGlcEAm brush

Figure B.3 Silicon wafer and SiO2 coated QCM quartz crystal before and after
glycopolymer grafting.

A

B

Figure B.4 AFM height images of (A) GlcEAm brush (RMS roughness 1.49 nm) and (B)
GalEAm brush (RMS roughness = 2.15 nm) on silicon dioxide coated quartz crystal
surfaces. Scan size = 5.0 µm and scale = 1.0 µm
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Table B.1 IR absorption bands for initiator and polymer grafted on the silicon wafer
Description

Absorption (cm-1)

Peak assignment (signal
strength)

Irgacure immobilized wafer

2927

C-H stretching, alkane (s)

2854

C-H stretching, alkane (s)

1733

C=O stretching (s)

1216

C-O, alkyl-aryl ether (s)

1112

C-O stretching, aliphatic
ether (s)

PGlcEAm brush

3700-3000

N-H stretching (m), O-H
stretching (s, broad,
intermolecular H bonded)

2925

C-H stretching, alkane (s)

2854

C-H stretching, alkane (s)

1714

C=O stretching (s)

1649

C=O stretching (s), 2° amide

1556

N-H bending (m)

1218

C-O, alkyl-aryl ether (s)

1076

C-O stretching, aliphatic
ether (s)
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Calculation: Degree of polymerization of glycopolymer brush

A= 109.5 , B= C= 35.25
b = c = 0.154 nm, a= ?

𝑎
𝑏
𝑐
=
=
𝑠𝑖𝑛𝐴 𝑠𝑖𝑛𝐵 𝑠𝑖𝑛𝐶
a = 0.251 nm

B

3

3

Bond length, C (sp )- C (sp ) = 1.54Å
= 0.154 nm
1 repeat unit = 0.251 nm
For a brush thickness of 90 nm,
Degree of polymerization = 90/0.251 = 358
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c

c

A

b

a 0.251nm

C

APPENDIX C SUPPORTING INFORMATION FOR CHAPTER IV
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Figure C.1 Frequency (A) and Dissipation (B) change of galactose polymer (PGalEAm)
of 90 nm grafted crystals during its interaction with Aβ. Baseline with buffer = 10 min,
Aβ flow = 10 min, Aβ hold 24 h, final buffer wash = 2 h, flow rate = 50 µL/min, temp =
25 °C.
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Figure C.2 Frequency (A) and Dissipation (B) change of a pristine SiO2 coated crystal
during its interaction with Aβ. Baseline with buffer = 10 min, Aβ flow = 10 min, Aβ hold
14 h, flow rate = 50 µL/min, temp = 25 °C. Final buffer wash was not performed.
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Figure C.3 Negative control experiment: frequency (A) and Dissipation (B) change of
glucose polymer (PGlcEAm, 90 nm) grafted crystals during its interaction with buffer.
Baseline with buffer = 10 min, buffer hold 24 h, final buffer flow = 1 h, flow rate = 50
µL/min, temp = 25 °C.
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APPENDIX D SUPPORTING INFORMATION FOR CHAPTER V

SOCl2
CCl4, 77 C,
2 h reflux

Figure D.1 Reaction scheme for the synthesis of the chain transfer agent, 3benzylsulfanylthiocarbonyl sulfanylpropionic acid and its acid chloride derivative, 3benzylsulfanylthiocarbonyl sulfanylpropanoyl chloride.
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1

4

3
2

1

Figure D.2 1H NMR spectrum of the chain transfer agent, 3-benzylsulfanylthiocarbonyl
sulfanylpropanoyl chloride.
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1

Figure D.3 1H NMR spectrum of the 3-benzylsulfanylthiocarbonyl sulfanylpropanoyl
chloride.

Conversion of –COOH to –COCl

Figure D.4 Comparison of the 1H NMR spectra of the CTA and its acid chloride
derivative shows the complete conversion of the carboxylic acid group to the acid
chloride.
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Figure D.5 ATR FTIR of the CTA and acid chloride derivative of the CTA.

Figure D.6 AFM height images of (A) silicon dioxide coated crystal (rms roughness = 0.9
nm), (B) GalEAm grafted wafer (thickness = 10.4 ± 0.2 nm, RMS roughness = 1.0 nm),
and (C) GlcEAm grafted wafer (thickness = 10.6 ± 1.2 nm, RMS roughness = 1.2 nm).
Scan size = 1.0 µm and scale bar = 200 nm
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(A)

(B)

(C)

Figure D.7 AFM tapping images (3 dimensional) of the Ab aggregates formed/deposited
on the surfaces of (A) clean crystal, (B) galactose, and (C) glucose film of 10 nm
thickness.

Calculation: Number of saccharide units on a grafted surface
Glucose or galactose units/unit area of polymer grafted crystal surface is calculated
PGalEAm brush: film thickness = 10.4 nm, Mol wt =23000 g/mol, DP = 82, grafting
density = 0.28 chains/nm2
No. of galactose unit = (0.28 chains/nm2) × (82 gal units/chain)
= 22.96 gal units/nm2
PGlcEAm brush: film thickness = 10.6 nm, Mol wt = 14700 g/mol, DP = 52, grafting
density = 0.45 chains/nm2
No. of glucose units = (0.45 chains/nm2) × (52 glc units/chain)
= 23.40 glc units/nm2
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